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ABSTRACT
The e s ta b lis h m e n t o f  th e  n u c le o t id e  sequence o f th e  Euglena
gracilis c h l o r o p l a s t i c  tRNAp^e by Chang et al. [C e ll JJ, 717 (1976)]
was s i g n i f i c a n t  in  t h a t  i t  was th e  f i r s t  sequence  e s ta b l i s h e d  from  an
o r g a n e l le .  S in ce  i t s  sequence  was g e n e r a l ly  more p r o k a r y o te - l ik e  th an
e u k a r y o te - l ik e ,  b o th  in  th e  la c k  o f  m o d ified  b a se s  c h a r a c t e r i s t i c  o f
e u k a r y o t ic  tRNAs*5*16 and in  th e  lo c a t io n  o f  s p e c i f i c  n u c le o t id e s  w i th in
i t s  seq u en ce , t h i s  tRNA seemed to  p ro v id e  p o s s ib le  ev id en ce  f o r  th e
endosym biont th e o ry  o f c h lo r o p la s t  o r ig i n .  Any c o n c lu s io n s  r e g a rd in g
th e  n a tu r e  o f  c h lo r o p la s t  o r ig in  w ere c o n s id e re d  mere s p e c u la t io n ,
however, without the sequence o f  the corresponding cytoplasmic tRNA*5*16
o f Euglena gracilis.
The n u c le o t id e  sequence  o f  Euglena gracilis c y to p la sm ic
tRNA was e s t a b l i s h e d  m ain ly  by u t i l i z i n g  v a r io u s  e l e c t r o p h o r e t i c
and ch ro m a to g rap h ic  te c h n iq u e s  to  r e s o lv e  o l ig o n u c le o t id e s ,  w hich w ere
32l a b e l l e d  in vitro w ith  [ P] a t  t h e i r  5 ' - e n d s ,  and t h e i r  p a r t i a l  d ig e s ­
t i o n  p ro d u c ts .  O lig o n u c le o tid e s  w ere g e n e ra te d  by com plete  T^ RNase
d i g e s t i o n s ,  and co m ple te  and p a r t i a l  p a n c r e a t ic  RNase d ig e s t io n s .
32O lig o n u c le o tid e s  w ere l a b e l l e d  u s in g  y - [  P]-ATP and p o ly n u c le o tid e  
k in a s e .  O lig o n u c le o tid e s  w ere re s o lv e d  u t i l i z i n g  tw o -d im en sio n a l 
e l e c t r o p h o r e s i s ,  and a n a ly z e d  f o r  sequence  u t i l i z i n g  p a r t i a l  d ig e s t io n  
w ith  snake  venom p h o s p h o d ie s te ra s e  o r  N u c lease  P ^ , fo llo w ed  by
xiii
tw o -d im en sio n a l hom ochrom atography. Chem ical c le a v a g e  o f  th e  tRNA 
a t  th e  p h o s p h o d ie s te r  bond a d ja c e n t  to  th e  3 ' -en d  o f i t s  m^G re s id u e  
was u t i l i z e d  to  c r e a t e  h a lf -m o le c u le s  whose a n a ly s is  was u s e f u l  in  
th e  o rd e r in g  o f  s m a l le r  o l ig o n u c le o t id e s .  The 3 ' -en d  o f  i n t a c t  
Euglena gracilis c y to p la sm ic  tRNAp^ e was l a b e l l e d  by m ild  SVP t r e a t ­
ment to  remove p a r t  o f  i t s  3*- te r m in a l  CCA-OH end , and th e n  l a b e l l in g  
32w ith  [ P] a t  th e  3 ' -e n d  u s in g  n u c le o t id y l  t r a n s f e r a s e  in  th e  p re sen ce  
32of a - [  P]-ATP and n o n - r a d io a c t iv e  CTP. Sequence a n a ly s i s  by p a r t i a l
32d ig e s t io n  w ith  N u c lea se  P^ o f th e  i n t a c t  3 ' - [  P ] - l a b e l l e d  tRNA,
fo llow ed  by tw o -d im en s io n a l hom ochrom atography e s ta b l i s h e d  th e
sequence o f  th e  f i r s t  13 n u c le o t id e s  from  th e  3 ' -e n d .
The lo c a t io n  o f  nf’c w i th in  th e  sequence  o f  one T^ RNase
g e n e ra te d  o l ig o n u c le o t id e  was e s ta b l i s h e d  u t i l i z i n g  a  chem ica l
t r i t iu m  d e r i v a t i z a t i o n  te c h n iq u e  d eveloped  by R andera th  et at. A
supp lem en tary  e x p e rim en t was th e  b a se  co m p o sitio n  a n a ly s i s  o f  th e
t o t a l  tRNA to  c o n firm  th e  p re se n c e  o f  th e  amounts and i d e n t i t i e s  o f
n u c le o t id e s  e x p e c te d  from  sequence  a n a ly s i s .  In  a d d i t io n ,  v a r io u s  T^
RNase g e n e ra te d  o l ig o n u c le o t id e s  w ere an a ly zed  f o r  b a se  co m p o sitio n
to  v e r i f y  th e  p re s e n c e  o f m o d if ied  b a s e s .  Base co m p o sitio n  a n a ly s is
was by Randerath's tritium derivatization technique.
The sequence of cytoplasmic tRNAP**e from Euglena gracilis is:
p G-C-C-G-A-C-U-U-A-m2G-C-U-C-m6A (A)-G-D-D-G-G-G-A-G- 




Both in  th e  p re se n c e  o f c h a r a c t e r i s t i c  m o d ified  n u c le o t id e s  and th e  
lo c a t io n  o f s p e c i f i c  n u c le o t id e s  w i th in  i t s  seq u en ce , th e  Euglena 
c y to p la sm ic  tR N A ^6 i s  a  t y p i c a l  e u k a ry o tic  tRNA^*16. S t r ik in g ly ,  i t  
s h a re s  more sequence  homology w ith  tRNAs from  mammalian so u rc e s  th an  
p la n t  s o u rc e s .
These f in d in g s  have im p l ic a t io n s  c o n ce rn in g  th e  taxonomy o f 




I .  B io lo g ic a l  F u n c tio n s  o f  tRNA
Even b e fo re  th e  m ajo r b io lo g ic a l  fu n c t io n  o f  t r a n s f e r  RNA had 
b e e n . i d e n t i f i e d ,  th e  need  f o r  an " a d a p to r  m o lecu le"  in  p r o te in  
s y n th e s is  w hich b o th  c a r r i e s  th e  amino a c id  as  w e l l  as  form s s p e c i f i c  
hydrogen  bonds to  th e  m essenger RNA te m p la te  was p r e d ic te d  by C rick  (1 ) .  
H is h y p o th e s is  r e q u ire d  one " a d a p to r  m o lecu le"  f o r  each  amino a c id ,  
each  a d a p to r  h av in g  a s p e c i f i c  hydrogen bonding  s u r fa c e  w hich would 
e n a b le  i t  to  b in d  s p e c i f i c a l l y  to  th e  m essenger RNA te m p la te , and one 
enzyme f o r  each  amino a c id  w hich would a t ta c h  th e  amino a c id  to  i t s  
s p e c i f i c  " a d a p to r  m o le c u le ."  In  1958 Hoagland (2) i d e n t i f i e d  th e  
a d a p to r  a s  t r a n s f e r  RNA ( o r i g i n a l l y  c a l l e d  s o lu b le  RNA becau se  i t  was 
i s o l a t e d  from  th e  s o lu b le  c y to p la sm ic  f r a c t i o n  of c e l l s ) , a  c la s s  of 
sm a ll RNA m o lecu les  w ith  m o le c u la r  w e ig h ts  o f ab o u t 2 5 ,0 0 0 . The 
a d a p to r  fu n c t io n  o f  tRNA h as  been  f i r m ly  e s t a b l i s h e d  (3 ) .
The t y p i c a l  c e l l  ty p e  c o n ta in s  ab o u t 55 d i f f e r e n t  s p e c ie s  o f  
tRNA (3) w hich a re  in v o lv e d  in  p r o te in  s y n th e s i s .  The need  fo r  more 
th an  20 d i s t i n c t  tRNAs ( th e  number o f d i s t i n c t  amino a c id s  which a re  
coded f o r )  r e f l e c t s  th e  d eg en eracy  o f th e  g e n e t ic  code (A ,5 ) .  C e r ta in  
amino a c id s  have m u l t ip le  i s o - a c c e p t in g  tRNA s p e c ie s  th e re b y  a llo w in g  
f o r  th e  t r a n s l a t i o n  o f a l l  p o s s ib le  codons f o r  th e s e  amino a c id s .
As w i l l  be d is c u s s e d  below , th e  tRNAs a s  a group sh a re
1
2re m a rk a b le  s i m i l a r i t i e s  a t  th e  p r im a ry , s ec o n d a ry , and p ro b a b ly  
t e r t i a r y  s t r u c t u r a l  l e v e l s .  These s i m i l a r i t i e s  a re  e s s e n t i a l  b ecau se  
o f  th e  common m o le c u la r  com ponents w hich a l l  tRNAs m ust i n t e r a c t  w ith  
a s  th e y  p e rfo rm  t h e i r  b io lo g ic a l  f u n c t io n s .  Y et each tRNA s p e c ie s  
m ust be s t r u c t u r a l l y  d i s t i n c t  enough to  be s p e c i f i c  f o r  o n ly  one 
amino a c id .  The s p e c i f i c  a m in o -a c y la tio n  (" c h a rg in g " )  i s  c a r r i e d  ou t 
by tw en ty  d i f f e r e n t  am inoacyl-tRNA s y n th e ta s e s ,  each  s p e c i f i c  f o r  one 
amino a c id  and one s e t  o f  i s o - a c c e p t in g  tRNAs (6 ) .  These enzymes 
r e q u i r e  ATP f o r  th e  i n i t i a l  a c t i v a t io n  o f th e  amino a c id  b e fo re  i t  
i s  t r a n s f e r r e d  on to  th e  2' o r  3 ' h y d ro x y l group (7 ,8 )  o f th e  3 ' 
te rm in a l  a d en o s in e .
D uring p o ly p e p tid e  s y n th e s is  th e  charged  tRNA must i n t e r a c t  
w ith  a  number o f  p r o t e in s .  The m e th io n in e  on th e  charged  p r o k a ry o t ic  
i n i t i a t o r  tRNA i s  fo rm y la te d  by th e  enzyme tra n s fo rm y la s e  (3 ) .  The 
ch arg ed  i n i t i a t o r  tRNA e n te r s  th e  ribosom e as  a te r n a r y  complex w ith  
an i n i t i a t i o n  f a c t o r  and GTP. I t  e n te r s  th e  i n i t i a t i o n  ( I )  s i t e  on 
th e  30S rib o so m a l s u b u n it  (w hich becomes p a r t  o f th e  r ib o so m a l P - s i t e )  
w here i t  "d eco d es"  th e  i n i t i a t o r  t r i p l e t  codon (3 ) .  S im i la r ly ,  th e  
o th e r  ch arged  tRNAs e n te r  th e  ribosom e in  th e  form  o f a te r n a r y  
com plex made w ith  an e lo n g a t io n  f a c t o r  [EF-Tu in  p ro k a ry o te s  and EF1 
in  e u k a ry o te s  (6 ) ]  and GTP, and become lo c a te d  in  th e  A - s i te  o f th e  
ribosom e (3 ) .  On th e  rib o so m e , th e  tRNA i n t e r a c t s  w ith  v a r io u s  
p r o te in s  in c lu d in g  p e p t id y l  t r a n s f e r a s e  ( 6 ) ,  and i s  r e le a s e d  a f t e r  
h a v in g  added i t s  amino a c id  to  th e  grow ing p o ly p e p tid e  ch a in  o f  th e  
a d ja c e n t  tRNA.
3T ra n s fe r  RNAs a r e  in v o lv e d  in  many o th e r  b io lo g ic a l  f u n c t io n s
b e s id e s  p r o te in  s y n th e s i s .  When p ro k a ry o t ic  o rgan ism s a r e  s ta r v e d  f o r
amino a c id s ,  un ch arg ed  tRNAs become bound in  th e  r ib o so m a l A - s i te s
s e t t i n g  o f f  a  s ig n a l  f o r  th e  fo rm a tio n  o f th e  u n u su a l g u an o sin e
n u c le o t id e  d e r iv a t iv e s  ppGpp and pppGpp w hich s e rv e  as n u c le o t id e
m essengers  f o r  th e  tu r n in g  o f f  o f  rRNA s y n th e s is  (9 ) .  A m inoacyl-
tRNAs have been  found in  c e r t a i n  c a se s  to  p la y  a  r o le  in  th e  r e g u la t io n
o f  th e  b io s y n th e s is  o f t h e i r  s p e c i f i c  amino a c id s .  For exam ple, in
h isth e  Salmonella typhimurium h i s t i d i n e  o p e ro n , charged  tRNA a c t s  as  
a  c o - r e p r e s s o r  (10). A group o f enzymes c a l l e d  am inoacyl-tRNA t r a n s ­
f e r a s e s  have been  shown to  have th e  a b i l i t y  to  c a ta ly z e  th e  t r a n s f e r  
o f an amino a c id  from  a ch arg ed  tRNA to  v a r io u s  a c c e p to r s .  A ccep to r 
m o le c u les  in c lu d e  th e  N -te rm in i o f  i n t a c t  p r o t e in s ,  p h o s p h a tid y l 
g ly c e r o l  m o lecu les  (fo rm in g  am inoacy l e s t e r s  o f  p h o s p h a tid y l g ly c e r o l ,  
a component o f  c e l l  m em branes), and N -a c e ty l  muramyl p e p t id e s  
( in te rm e d ia te s  in  th e  s y n th e s is  o f  in te r p e p t id e  b r id g e s  i n  b a c t e r i a l  
c e l l  w a l ls )  (1 1 ) . T r a n s fe r  RNAs h a /e  been  fo u n d , in  some c a s e s ,  to  
fu n c t io n  a s  a l l o s t 'e r i c  e f f e c t o r s  o f  enzyme a c t i v i t y .  For exam ple, a 
c e r t a i n  i s o - a c c e p to r  o f  tRNAt ^ r  in  Drosophila i n h i b i t s  th e  enzyme 
try p to p h a n  p y r r o la s e  (1 2 ) . T r a n s fe r  RNA h as  been  found to  m odify  th e  
a c t i v i t y  o f  th e  E. ooli enzyme e n d o n u c lea se  I  from t h a t  o f  a c t i v e  
d o u b le  s t r a n d  s c i s s i o n  o f DNA to  low l e v e l  s in g le  s t r a n d  n ic k in g  (1 3 ) . 
E u k a ry o tic  tRNAs have been  found to  have some i n t e r e s t i n g  p r o p e r t i e s  
w ith  re g a rd  to  v i r a l  m e tab o lism . R everse  t r a n s c r i p t a s e  from  RNA 
tum or v i r u s e s  h as  been  found to  u se  c e r t a i n  tRNAs a s  p r im e rs  f o r  th e
4s y n th e s is  o f  v i r a l l y  coded DNA ( 3 ) .  A number o f  s e le c te d  tRNAs 
become in c o rp o ra te d  (n o n c o v a le n tly )  i n to  RNA tum or v i r u s  p a r t i c l e s  
d u r in g  e n c a p s u la t io n  from  th e  c e l l  membrane (3 ) .  C e r ta in  p la n t  and 
an im a l v i r u s e s  have been  found to  have "tR N A -like" 3 ' -e n d s  w hich can 
a c tu a l ly  be a m in o acy la ted  by am inoacyl-tRNA s y n th e ta s e s  (6 ) .
I I .  G en era l A sp ec ts  o f  RNA Sequence D e te rm in a tio n
S in ce  th e  d is c o v e ry  o f  i t s  c e n t r a l  r o l e  in  p r o te in  s y n th e s i s ,  
t r a n s f e r  RNA has been  th e  s u b je c t  o f  in t e n s iv e  re s e a rc h  aimed a t  
e lu c id a t in g  i t s  p rim ary  s t r u c t u r e .  V ario u s  te c h n iq u e s , ra n g in g  from  
th e  c l a s s i c a l  s p e c tro p h o to m e tr ic  to  ch ro m ato g rap h ic  and e l e c t r o ­
p h o r e t ic  m ethods w hich  u t i l i z e  r a d io is o to p e  te c h n o lo g y , have been 
d ev e lo p ed  f o r  th e  d e te rm in a tio n  o f n u c le o t id e  seq u e n c es . Y et a l l  
s h a re  a common b a s ic  ap p ro ach . The p u r i f i e d  m o lecu le  i s  f i r s t  
c le a v e d  in to  o l ig o n u c le o t id e  frag m en ts  o f v a r io u s  le n g th s .  These 
frag m en ts  a r e  th e n  r e s o lv e d ,  and t h e i r  m o la r r a t i o s  a re  d e te rm in e d . 
They a re  th e n  sequenced  by d e g ra d a tiv e  (u s u a l ly  en zy m atic ) m ethods. 
Opce th e  sequence  o f  a s u f f i c i e n t  number o f  frag m en ts  o f  v a r io u s  
s i z e s  h as  been  e s t a b l i s h e d ,  th e  e n t i r e  sequence  can be deduced by 
a n a ly z in g  o v e r la p s .  As a su p p lem en ta ry  e x p e r im e n t, th e  w hole m o lecu le  
i s  d eg rad ed  to  th e  m o n o n u c leo tid e  o r  n u c le o s id e  l e v e l  and o v e r a l l  b a se  
co m p o sitio n  i s  d e te rm in e d , a s  w e l l  a s  th e  i d e n t i f y  and m o lar r a t i o s  
f o r  a l l  m o d if ied  b a s e s .
Two b a s e - s p e c i f i c  r ib o n u c le a s e s  a r e  u s u a l ly  u sed  f o r  th e  
i n i t i a l  c le a v a g e  o f  th e  t o t a l  RNA m o lecu le  in to  fra g m e n ts . These a re
5T1 RNase (14) which c le a v e s  a t  th e  3*-e n d  o f g u an in e  r e s id u e s  c r e a t in g  
o l ig o n u c le o t id e s  w hich end In  g u a n o s ln e -3 '-p h o s p h a te s , and p a n c r e a t ic  
RNase (15) w hich c le a v e s  a t  th e  3 ’-e n d  o f  p y r im id in e s  c r e a t in g  
o l ig o n u c le o t id e s  w hich te rm in a te  In  p y rim id in e  3 ' -p h o s p h a te s . By 
a d ju s t in g  r e a c t io n  c o n d i t io n s ,  one can  o b ta in  a  com plete  RNase (14) 
o r  p a n c r e a t ic  RNase (15) d ig e s t io n  o r  a  p a r t i a l  T^ RNase (16) o r  
p a n c r e a t ic  RNase d ig e s t io n  (1 7 ,1 8 ) . ( I n  th e  com plete  d ig e s t io n  a l l  
a p p r o p r ia te  r e s id u e s  a re  c le a v e d , w hereas in  th e  p a r t i a l  d ig e s t io n  
o n ly  th e  m ost a c c e s s ib le  r e s id u e s  a r e  c le a v e d .)
An a d d i t io n a l  method f o r  g e n e r a t in g  lo n g  frag m en ts  i s  
a v a i l a b le  f o r  th o se  tRNA m o le c u le s  whose b a se  co m p o sitio n  a n a ly s is  
in d i c a t e s  th e  p re se n c e  o f h7 g (1 9 ) . T h is  r e s id u e ,  when p r e s e n t ,  
a lw ays o c cu p ie s  a s in g le  u n ique  p o s i t i o n  in  loop  I I I  (se e  F ig . 1) and 
th e  s p e c i f i c  ch em ica l c le a v a g e  f o r  m^G d e s c r ib e d  in  M ethods can be 
u sed  to  c r e a te  h a lf -m o le c u le s .  T hese h a lf -m o le c u le s  can be sequenced  
in d iv id u a l ly  as  d e s c r ib e d  above, and th u s  p ro v id e  v a lu a b le  in fo rm a tio n  
f o r  th e  o rd e r in g  o f frag m en ts  in  th e  w hole m o le c u le .
The most commonly used  means o f  s e q u e n t ia l  d e g ra d a tio n  o f  
o l ig o n u c le o t id e  frag m en ts  i s  d ig e s t io n  w ith  th e  3 ’ -e x o n u c le a s e , snake 
venom p h o sp h o d ie s te ra se  (SVP) (2 0 ) . (T^ and p a n c r e a t ic  RNase g e n e ra te d  
o l ig o n u c le o t id e s  m ust f i r s t  be t r e a t e d  w ith  a lk a l in e  p h o s p h a ta s e , 
b ecau se  SVP r e q u i r e s  a  f r e e  3 '- h y d r o x y l . ) N u c lease  P ^ , a  r e l a t i v e l y  
n o n s p e c if ic  en d o n u c lea se  i s o l a t e d  from  Penicilliwn oitrinum (2 1 ) ,  i s  
u s e f u l  f o r  th e  d ig e s t io n  o f  o l ig o n u c le o t id e s  w hich c o n ta in  m o d if ied  
r e s id u e s  w hich b lo c k  SVP d ig e s t i o n .  R an d era th  h a s  d ev e lo p ed  a
6ch em ica l method f o r  s e q u e n t ia l  d e g ra d a tio n  o f  o l ig o n u c le o t id e s  (2 2 ) , 
w hich u t i l i z e s  a  p h o s p h a ta s e :p e r io d a te  3 ' --"pseudo-exonuclease"  
a c t i v i t y .
The fu n d am en ta l d i f f e r e n c e s  betw een th e  v a r io u s  seq u en c in g  
te c h n iq u e s  a r i s e  i n  th e  m ethods f o r  th e  d e te c t io n  and i d e n t i f i c a t i o n  
o f th e  n u c le o t id e s  a s  th e y  a r e  r e le a s e d  d u r in g  th e  s e q u e n t ia l  
d e g ra d a tio n  o f th e  o l ig o n u c le o t id e  fra g m e n ts . O ther d i f f e r e n c e s  
in c lu d e  th e  q u a n t i ty  o f  sam ple n eed ed , and th e  m ethods f o r  th e  
i s o l a t i o n  o f o l ig o n u c le o t id e  fra g m e n ts .
The now c l a s s i c a l  ap p ro ach  to  th e  seq u en c in g  o f RNA in v o lv e s  
th e  u l t r a v i o l e t  s p e c t r a l  i d e n t i f i c a t i o n  (20) o f  n u c le o s id e s  and 
m o n o n u c leo tid es . An a d v an tag e  o f t h i s  method i s  th e  a b s o lu te  
i d e n t i f i c a t i o n  o f a  compound a f fo rd e d  by i t s  u l t r a v i o l e t  sp ec tru m .
The g r e a t  d is a d v a n ta g e  o f  t h i s  m ethod i s  t h a t  th e  s e n s i t i v i t y  o f 
d e te c t io n  i s  l im i t e d  to  th e  amount o f  compound n e c e s sa ry  f o r  u l t r a ­
v i o l e t  i d e n t i f i c a t i o n .  As much a s  100-200 mg o f  a p u r i f i e d  tRNA may 
b e  n e c e s s a ry  to  o b ta in  a  t o t a l  seq u en ce . The la r g e  amount o f  m a te r ia l  
r e q u ire d  e l im in a te s  th e  p o s s i b i l i t y  o f  seq u en c in g  tRNAs from  many 
i n t e r e s t i n g  so u rc e s  w hich a r e  a v a i l a b le  in  o n ly  l im i te d  am ounts. 
F u rth e rm o re , th e  f r a c t i o n a t i o n  o f  o l ig o n u c le o t id e s  and t h e i r  en zym atic  
d e g ra d a tio n  produced  a t  t h i s  l a r g e  s c a le  in v o lv e s  many column 
chrom atography s te p s  w hich a re  la b o r io u s  and tim e  consum ing.
The developm ent o f  e l e c t r o p h o r e t i c  and ch ro m ato g rap h ic
32te c h n iq u e s  f o r  th e  seq u en c in g  o f in vivo u n ifo rm ly  [ P ] - l a b e l l e d  RNA 
by Sanger et al. (2 3 ,2 4 ) a llo w ed  f o r  th e  r a p id  a n a ly s i s  o f  sm a ll
7q u a n t i t i e s  o f  p u r i f i e d  tRNA. Many tRNAs, p a r t i c u l a r l y  o f  p ro k a ry o t ic
o r i g i n ,  have been  sequenced  u s in g  th e s e  m ethods. RNAs from  e u k a ry o tic
32s o u rc e s ,  how ever, a r e  d i f f i c u l t  t o  l a b e l  in vivo w ith  P to  a  s p e c i f i c  
a c t i v i t y  needed f o r  seq u en c in g  a n a ly s i s .  The s o lu t io n  to  t h i s  p roblem  
h as  been  th e  developm ent o f  s e v e r a l  m ethods f o r  th e  in vitro r a d io ­
ch em ica l l a b e l l i n g  o f  p u r i f i e d  RNA sam ples.
Those in vitro l a b e l l i n g  (o r  p o s t - l a b e l l i n g )  te c h n iq u e s  w hich  
32u t i l i z e  P a s  th e  ra d io c h e m ic a l a g e n t u se  many o f th e  e l e c t r o p h o r e t i c
and c h ro m a to g rap h ic  m ethods in  m o d ified  form  o r i g i n a l l y  dev elo p ed  f o r  
32th e  in vivo [ P ] - l a b e l l e d  RNA. These te c h n iq u e s  a r e  th e  5*-e n d  p o s t ­
l a b e l l i n g  o f RNA w ith  p o ly n u c le o tid e  k in a s e  (2 5 ,2 6 ) w hich was th e  
p rim ary  te c h n iq u e  used  in  th e  seq u en c in g  o f b o th  Euglena gracilis 
c h lo r o p la s t i c  and c y to p la sm ic  tRN A s***10 (2 7 ,2 8 ) and 3 '- e n d  p o s t ­
l a b e l l i n g  o f RNA w ith  p o ly n u c le o tid e  p h o sp h o ry la se  (2 9 ) .
The o th e r  m a jo r p o s t - l a b e l l i n g  te c h n iq u e  i s  R a n d e ra th 's  
n o v e l t r i t i u m  in c o r p o r a t io n  method (3 0 ,3 1 ,3 2 )  w hich was u t i l i z e d  f o r  
seq u e n c in g  in  t h i s  p r o j e c t  to  a m inor e x te n t ,  and was th e  method o f 
l a b e l l i n g  u sed  f o r  b a se  co m p o sitio n  a n a ly s i s .
I I I .  The G en era l S t r u c tu r e  o f  tRNA
The f i r s t  s t r u c t u r a l  in fo rm a tio n  re g a rd in g  tRNA came w ith  th e  
e lu c id a t io n  o f th e  n u c le o t id e  sequence  o f  y e a s t  a la n in e  tRNA by H o lle y  
(33) in  1965. B ecause p h y s ic a l  s tu d ie s  o f  tRNAs in d ic a te d  th e  
p re s e n c e  o f e x te n s iv e  in t r a m o le c u la r  b a se  p a i r i n g ,  H o lley  a rra n g e d  
th e  sequence  so a s  to  p e rm it maximum hydrogen b o n d in g , a r r i v i n g  a t  a
8model f o r  sec o n d a ry  s t r u c t u r e  w hich he term ed th e  " c lo v e r l e a f "  
s t r u c t u r e  ( s e e  F ig . 1 ) .  To d a te ,  o v e r 100 d i f f e r e n t  tRNAs ( s p e c i f i c  
f o r  th e  v a r io u s  amino a c id s  and i s o l a t e d  from  d iv e r s e  s o u rc e s )  have 
been  sequenced  (3 4 ) ,  and ev ery  sequence  d e te rm in ed  can  be accommodated 
w i th in  a  " c l o v e r l e a f  s t r u c tu r e "  (6 ) .  T h is  in fo rm a tio n  h a s  p ro v id e d  
s t ro n g  c i r c u m s ta n t i a l  e v id en c e  f o r  a  common seco n d ary  s t r u c t u r e  f o r  
a l l  tRNAs. F u r th e rm o re , sequence  in fo rm a tio n  has d e m o n stra ted  o th e r  
common s t r u c t u r a l  f e a tu r e s  o f  tRNAs. In  1974, th e  f i r s t  t h r e e -  
d im e n s io n a l c o n fo rm a tio n  of a  tRNA, t h a t  o f  y e a s t  tR N A ^e , was
O
deduced from  2 .5  A r e s o lu t io n  X -ray  d i f f r a c t i o n  a n a ly s i s  o f  two 
d i f f e r e n t  c r y s t a l l i n e  form s (3 5 ,3 6 ,3 7 ) . A lthough t h i s  t h r e e -  
d im e n s io n a l m odel r e p r e s e n ts  a s t a t i c  form  o f th e  tRNA m o lecu le  w hich 
fu n c t io n s  d y n a m ic a lly  in vivo, enough in fo rm a tio n  h as  been  p ro v id e d  to  
c o n s id e r  s t r u c t u r a l  f e a tu r e s  o f  th e  tRNA in  f u n c t io n a l  te rm s . 
F u r th e rm o re , common s t r u c t u r a l  f e a tu r e s  o f  tRNAs w hich have been  
g a th e re d  from  sequence  in fo rm a tio n  su g g e s t f e a tu r e s  o f  th e  t h r e e -  
d im e n s io n a l s t r u c t u r e  o f y e a s t  tRNA w hich a r e  common to  a l l  tRNAs.
T r a n s fe r  RNA c o n s i s t s  o f  a  s in g le  p o ly r ib o n u c le o t id e  c h a in  
ra n g in g  in  s i z e  from  73 to  93 n u c le o t id e s  ( 6 ) .  The c lo v e r l e a f  
s t r u c t u r e  i s  form ed by th e  f o ld in g  back  upon i t s e l f  o f  th e  p o ly ­
r ib o n u c le o t id e  c h a in  w ith  th e  fo rm a tio n  o f  dou b le  h e l i c a l  stem s (38) 
and s in g l e  s tra n d e d  lo o p s . T o g e th e r a  stem  and a lo o p  a r e  r e f e r r e d  to  
a s  an arm . A ll  tRNAs have fo u r  lo o p s :  d ih y d ro u r id in e  (D) lo o p
(lo o p  I ) , a n tic o d o n  lo o p  (lo o p  I I ) , v a r i a b l e  loop  ( lo o p  I I I ) , and th e  
TtpC lo o p  (lo o p  IV ). A ll  tRNAs c o n ta in  a t  l e a s t  fo u r  s tem s: th e
9a c c e p to r  s tem , d ih y d ro u r id in e  s tem , th e  a n tic o d o n  stem , and th e  Ti|>C 
stem . Those tRNAs w hich c o n ta in  a  lo n g  v a r i a b l e  arm have a  f i f t h  
stem .
The a c c e p to r  stem  u s u a l ly  c o n ta in s  seven  b a se  p a i r s  w ith  an 
a d d i t i o n a l  fo u r  n u c le o t id e s  ( in c lu d in g  th e  3 ' - t e r m in a l  CCA) p ro tru d in g  
from  one end . One im p o rtan t e x c e p tio n  o c c u rs  in  th e  a c c e p to r  stem s 
o f  p r o k a ry o t ic  i n i t i a t o r  tRNAs^met ( 6 ,3 9 ) .  These have been  found to  
la c k  th e  W atson-C rick  base p a i r  a t  th e  end o f  th e  a c c e p to r  stem  
betw een th e  f i r s t  n u c le o t id e  o f  th e  5 '- e n d  to  th e  f i f t h  n u c le o t id e  
from  th e  3 ’ -e n d . The e u k a ry o tic  i n i t i a t o r  tRNAsmet have th e  sev e n th  
b a se  p a i r  and i t  i s  alw ays an A*U (6 ) .  I t  i s  i n t e r e s t i n g  to  n o te  
t h a t  th e  p ro k a ry o te  Halobaaterium cutirubrum w hich, u n l ik e  m ost 
p ro k a ry o t ic  o rg an ism s does n o t u se  fo rm y la ted  m e th io n in e  tRNA .for th e  
i n i t i a t i o n  o f  p r o te in  s y n th e s is ,  u se s  an i n i t i a t o r  tRNAmet w hich has 
a e u k a r y o te - l ik e  stem  (seven  b a se  p a i r s  en d in g  w ith  A*U) (6 ,4 0 ) .
The a n tic o d o n  arm c o n ta in s  a stem  made up o f f i v e  b a se  p a i r s ,  
and a lo o p  c o n s i s t in g  o f  7 n u c le o t id e s .  These s t r u c t u r a l  f e a tu r e s  
seem to  be e s s e n t i a l  f o r  th e  p ro p e r  a lig n m e n t o f  th e  a n tic o d o n . 
E x c e p tio n s  in c lu d e  tRNAs n o t in v o lv e d  in  norm al p o ly p e p tid e  s y n th e s is .  
The tRNAs®^ from  s ta p h y lo c o c c i  (39) w hich a r e  in v o lv e d  in  c e l l  w a ll  
b io s y n th e s is  and n o t  p r o te in  s y n th e s is  have s ix  b a se  p a i r s  in  t h e i r  
a n tic o d o n  s tem s. Those tRNAs w hich s u p p re s s  f r a r a e s h i f t  m u ta tio n s  such 
a s  th e  Suf D m u tan t o f  Salmonella typhimuvium tRNAs *^ have an e x t r a  
n u c le o t id e  in  t h e i r  a n tic o d o n  lo o p  and re c o g n iz e  a  q u a d ru p le t  codon 
(4 1 ,4 2 ) .
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The Tij/C arm a lw ays c o n ta in s  a  stem  made up o f  f i v e  b a se  p a i r s  
and a  lo o p  c o n s i s t in g  o f  7 n u c le o t id e s .  The v a r i a b i l i t y  in  tRNA s iz e  
i s  p r im a r i ly  due to  v a r i a t i o n s  i n  th e  d ih y d ro u r id in e  arm and th e  
v a r i a b le  arm. The d ih y d ro u r id in e  arm ra n g e s  in  s i z e  from  15 to  18 
n u c le o t id e s .  I t s  s tem  c o n ta in s  th r e e  o r  fo u r  b a se  p a i r s ,  and i t s  
lo o p  c o n ta in s  from  7 to  11 n u c le o t id e s .  T here a r e  two c la s s e s  o f  
v a r i a b l e  arm s: (1) th o s e  c o n ta in in g  fo u r  o r  f iv e  b a se s  w hich form  a
lo o p  o r  (2) th o s e  w hich  c o n ta in  a  l a r g e  v a r i a b le  arm c o n ta in in g  13 to  
21 n u c le o t id e s .  V a rio u s  c l a s s i f i c a t i o n  schemes have been  p roposed  f o r  
tRNAs based  on th e  two v a r i a b l e  r e g io n s  o f  th e  c lo v e r le a f  s t r u c t u r e  
(6 ,4 3 ,4 4 ) .
B esid es  t h e i r  g e n e r a l iz e d  seco n d ary  s t r u c t u r e ,  tRNAs s h a re
s e v e r a l  in v a r i a n t  and s e m i- in v a r ia n t  (alw ays a p u r in e  o r  p y rim id in e )
r e s id u e s  lo c a te d  in  hom ologous p o s i t io n s  in  t h e i r  seq u e n c es . In
a d d i t io n  to  th e  CCA a t  th e  3 ' te rm in u s , th e  fo llo w in g  12 n u c le o t id e s
a re  i n v a r i a n t  in  a lm o s t a l l  tRNAs in v o lv e d  in  p r o te in  s y n th e s is  w ith
th e  e x c e p tio n  o f th e  i n i t i a t o r  tRNAs ( th e  num bering system  i s  t h a t
d e v ise d  f o r  y e a s t  tRNAphe) : Ug , A ^ ,  G18> G ^ ,  A ^ ,  U33> G53> T5 4 _
^55* ^56 ’ ^58* anc* ^61* ®ome th e s e  in v a r i a n t  r e s id u e s  a r e  found to
be m o d ified  in  c e r t a i n  s p e c ie s .  For exam ple, A^g i s  o f te n  m^A in
e u k a ry o tic  tRNAs (3 9 ) .  T here  a r e  e ig h t  s e m i-v a r ia n t  r e s id u e s  p re s e n t
in  m ost tRNAs a c t i v e  i n  p r o te in  s y n th e s i s .  These a re  ^24*
*
^32* ^  37* ^48* ^57* ant* Y60 ^w^ e re  ^  s ta n d s  f o r  p y r im id in e , R s ta n d s
*
f o r  p u r in e ,  and R s ta n d s  f o r  h y p e rm o d ified  p u r in e ) .  The p o s i t io n s  o f 
i n v a r i a n t  and s e m i- in v a r ia n t  r e s id u e s  a r e  i l l u s t r a t e d  in  F ig . 1.
F ig . 1. G e n e ra liz e d  c lo v e r le a f  s t r u c tu r e  o f  tRNA u t i l i z i n g
num bering system  d e v ise d  f o r  p h e n y la la n in e  tRNA (3 4 ) . 
C i r c le s  r e p r e s e n t  n u c le o t id e s  which a re  alw ays 
p r e s e n t .  T h ick  edged c i r c l e s  d en o te  i n v a r i a n t  o r  
s e m i- in v a r ia n t  n u c le o t id e s  (d is c u sse d  in  t e x t ) .
O vals r e p r e s e n t  n u c le o t id e s  which a re  n o t p r e s e n t  in  
each  tRNA seq u en ce . Roman num erals r e f e r  to  th e  fo u r  
lo o p s  p r e s e n t  in  a l l  tRNAs: loop  I ,  th e  d ih y d ro u r id in e
lo o p ; lo o p  I I ,  th e  an tic o d o n  lo o p ; loop  I I I ,  th e  
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The m ost n o ta b le  e x c e p tio n s  to  th e  o c c u rre n c e  o f  I n v a r ia n t
and s e m i- in v a r ia n t  r e s id u e s  o ccu r among tRNAs n o t in v o lv e d  in
e lo n g a t io n  o f th e  p o ly p e p tid e  c h a in . The s ta p h y lo c o c c a l  tRNAs®^
w hich a r e  n o t  in v o lv e d  in  p r o te in  s y n th e s is  a t  a l l  la c k  some o f th e
in v a r i a n t  r e s id u e s  (4 5 ) . The G^g and r e s id u e s  a r e  re p la c e d  by U
r e s id u e s ;  th e  by e i t h e r  C o r  U and th e  by G. In  some s t r a i n s
i s  r e p la c e d  by U (6 ) .  P ro k a ry o tic  i n i t i a t o r  tRNAs c o n ta in  an
A. , ’ IL . b a se  p a i r  i n  th e  D stem  r a th e r  th a n  th e  s e m i- in v a r ia n t  11 24
^11*^24’ S t r i k i n g l y ,  th e  e u k a ry o t ic  c y to p la sm ic  i n i t i a t o r  tRNAs la c k  
th e  T^^, I th e  G5 3 > T,.^, C^g sequence  found in  m ost tRNAs
has been  shown to  be  in v o lv e d  in  b a se  p a i r in g  i n t e r a t i o n s  w ith  th e  
ribosom es ( 4 6 ) ] ,  b u t  in s te a d  have an A ^ ,  U ^ o r  U gg. A lso , 
e u k a ry o tic  c y to p la sm ic  i n i t i a t o r  tRNAs have an Agg a t  th e  end o f loop  
IV in s te a d  o f  th e  u s u a l  Ygg. In  some e u k a ry o tic  c y to p la sm ic  i n i t i a t o r  
tRNAs th e  a n tic o d o n  seq uence  CUA i s  p reced ed  by Cgg in s te a d  o f  th e  
u s u a l  Ugg (6 ) .
The e lu c i d a t io n  o f th e  th r e e  d im e n s io n a l s t r u c t u r e  o f  y e a s t  
tRNA h a s  shown how m ost o f th e s e  in v a r i a n t  and s e m i- in v a r ia n t  
r e s id u e s  a r e  e s s e n t i a l  i n  m a in ta in in g  th e  t e r t i a r y  s t r u c t u r e  o f  tRNAs. 
For exam ple, th e  two in v a r i a n t  G r e s id u e s  in  lo o p  I ,  G^g and 
have hydrogen bon d in g  i n t e r a c t i o n s  w ith  ipgg and Cgg r e s p e c t iv e ly  in  
loop  IV (4 7 ) .
Some g e n e r a l  c o n c lu s io n s  r e g a rd in g  tRNA s t r u c t u r e  w ere made 
by R ich and R ajB handary (6) u s in g  a  s y n th e s is  o f  in fo rm a t io n  from  th e  
th r e e  d im e n s io n a l s t r u c t u r e  o f  y e a s t  tRNA and seq uence  d a ta :
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E x te n s iv e  s t a c k in g  I n t e r a c t i o n s  g iv e  th e  l a r g e s t  c o n t r i b u t i o n  to  th e  
s t a b i l i t y  o f  th e  m o le c u le .  These a r e  p r im a r i ly  a  r e s u l t  o f  t e r t i a r y  
hydrogen bonding  I n t e r a c t i o n s  w i th in  lo o p s  and betw een lo o p s  in v o lv in g  
b o th  b a s e -b a s e  i n t e r a c t i o n s  ( u s u a l ly  n o t  W atson-C rick  b a se  p a i r s )  and 
b ase -backbone  i n t e r a c t i o n s .  Stem re g io n s  c o n s i s t  l a r g e l y  o f  norm al 
d oub le  h e l i c a l  RNA i n  th e  A con fo rm a tio n  w i th  o n ly  s l i g h t  p e r t u r b a ­
t i o n s  due to  G*U p a i r s .  The m olecu le  i s  a b le  to  accommodate a  c e r t a i n  
amount o f  s t r u c t u r a l  change such  as  a l t e r a t i o n s  o f  hydrogen bonding  
betw een c e r t a i n  b a se s  and s t i l l  m a in ta in  i t s  f u n c t io n  ( ju d g in g  from 
sequence  d a t a ) .  V a r i a t i o n s  i n  th e  D and v a r i a b l e  arms a r e  t o l e r a b l e ,  
b u t  t h e i r  b i o l o g i c a l  r o l e s  a r e  n o t  known. In  g e n e r a l ,  tRNAs a re  
f u n c t i o n a l l y  d e s ig n e d .  The a n t ic o d o n  b a se s  a r e  r e a d i l y  a v a i l a b l e  f o r  
b a se  p a i r i n g  i n t e r a c t i o n s  w i th  th e  m-RNA. The CCA 3 ' - t e r m in u s  i s  
f l e x i b l e  and s i n g l e  s t r a n d e d  so t h a t  i t  may be  used  i n  p e p t id e  bond 
fo rm a t io n .  The i n t e r a c t i o n s  between lo o p s  I  and IV ( d is c u s s e d  above) 
a r e  weak, and th u s  may a l lo w  th e  m olecu le  t o  undergo  c o n fo rm a t io n a l  
changes d u r in g  p r o t e i n  s y n t h e s i s .
IV. S t r u c t u r e - F u n c t io n  R e l a t io n s h ip s  i n  tRNA
The g r e a t  p r o g r e s s  which has  been made i n  e l u c i d a t i n g  tRNA 
s t r u c t u r e  i s  i n  sh a rp  c o n t r a s t  w ith  th e  p r e s e n t l y  s c a n ty  u n d e rs ta n d in g  
o f  th e  p r e c i s e  r o l e  o f  s t r u c t u r e  i n  tRNA f u n c t io n s  (4 8 ) .  For example, 
a f t e r  a decade o f  i n t e n s i v e  r e s e a r c h ,  a p r e c i s e  u n d e r s ta n d in g  o f  th e  
r o l e  o f  tRNA s t r u c t u r e  i n  th e  s p e c i f i c  a m in o a c y la t io n  o f  each  tRNA 
by i t s  s p e c i f i c  aa-tRNA s y n th e t a s e  has  y e t  to  be a c h ie v e d .  The
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v a r io u s  aa-tRNA s y n th e t a s e s  d i f f e r  c o n s id e r a b ly  from each  o th e r  In  
s i z e  and s u b u n i t  co m p o si t io n  (4 9 ) .  The p r im ary  and t e r t i a r y  
s t r u c t u r e s  o f  a  few o f  th e s e  a r e  p r e s e n t l y  b e in g  r e s o lv e d  (4 8 ) .  T h is  
knowledge coup led  w i th  what i s  known ab o u t  tRNA s t r u c t u r e  would 
p ro v id e  a  b a s i s  f o r  u n d e rs ta n d in g  th e  in fo r m a t io n  which h a s  been 
g a th e r e d  by th e  r e s e a r c h  done to  d a t e .  The o r i g i n a l  m o t iv a t io n  of 
much o f  t h i s  r e s e a r c h  was to  l o c a t e  w i th in  th e  tRNA s t r u c t u r e  th e  
aa-tRNA s y n th e t a s e  r e c o g n i t i o n  s i t e .  The te c h n iq u e s  used in  
l o c a t i n g  t h i s  s i t e  in c lu d e d  chem ica l m o d i f i c a t io n  s t u d i e s ,  enzym atic  
d i s s e c t i o n s ,  sequence  com parisons o f  i s o - a c c e p t o r s ,  s t u d i e s  o f  
m utan t tRNAs, and s t u d i e s  o f  aa-tRNA syn the tase- tR N A  complexes (4 8 ) .  
The r e s u l t s  seem to  i n d i c a t e  t h a t  t h e r e  i s  no such th in g  a s  a s i n g l e  
r e c o g n i t i o n  s i t e .  Goddard (48) h y p o th e s iz e s  t h a t  a m in o a cy la t io n  
s p e c i f i c i t y  in v o lv e s  more th a n  one tRNA s i t e  and more th an  one 
r e c o g n i t i o n  s t e p .  The i n i t i a l  i n t e r a c t i o n  betw een tRNA and enzyme i s  
n o n - s p e c i f i c  and p ro b a b ly  in v o lv e s  g e n e r a l  symmetry r e c o g n i t i o n .
I t  has  been  shown in vitro t h a t  tRNAs i n t e r a c t  n o n - s p e c i f i c a l l y  w i th  
most s y n t h e t a s e s ,  and may be m isam in o acy la ted  under c e r t a i n  c o n d i t io n s
(5 0 ) .  Once i n i t i a l  i n t e r a c t i o n  h a s  been  e s t a b l i s h e d ,  f u r t h e r  
i n t e r a c t i o n  m ight p ro ceed  by ,  f o r  exam ple, s p e c i f i c  hydrogen bond ing . 
S l i g h t  c o n fo rm a t io n a l  changes m igh t o c cu r  i n  th e  tRNA a n d /o r  
s y n th e t a s e  d u r in g  p r o g r e s s i v e  d i s c r i m i n a t i n g  s t e p s .
S im i l a r l y ,  knowledge o f  th e  r o l e  o f  tRNA s t r u c t u r e  i n  th e  
mRNA-directed t r a n s f e r  o f  amino a c id s  i n t o  p r o t e i n s  i s  s t i l l  somewhat 
s c a n ty .  N e v e r th e le s s ,  due t o  ongoing  r e s e a r c h ,  c e r t a i n  d e t a i l s  a r e
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b e g in n in g  t o  em erge. In  p r o k a r y o te s ,  t h e  s t r u c t u r a l  b a s i s  f o r  th e  
i n t e r a c t i o n  betw een th e  charged  i n i t i a t o r  tRNA^met and IF 2 ,  th e  
i n i t i a t o r  f a c t o r ,  r e s i d e s  l a r g e l y  i n  th e  N -form yl m e th io n in e  m oie ty
(5 1 ) .  The charged  i n i t i a t o r  tRNA^met does n o t  a c c i d e n t l y  complex w ith  
th e  e lo n g a t io n  f a c t o r ,  EF-Tu b ecau se  o f  one o f  i t s  u n ique  s t r u c t u r a l  
p r o p e r t i e s — i t  l a c k s  a  W atson-C rick  b a se  p a i r  a t  t h e  to p  o f  i t s  
a c c e p to r  s tem . Schulman and co -w orkers  d em o n s tra ted  t h a t  when th e  
tRNA^met i s  c h e m ic a l ly  m o d if ied  (Cl to  Ul) to  p roduce  a  b a se  p a i r  a t  
t h e  top  o f  th e  a c c e p to r  s tem , th e  a m in o acy la ted  m o d if ied  tRNA^met 
formed a  t e r n a r y  complex w i th  EF-Tu and GTP (5 2 ) .  The co n fo rm a tio n  
o f  tRNA i s  such a s  to  a l lo w  th e  a l ig n m en t o f  two tRNAs i n  th e  P and 
A s i t e s  so t h a t  t h e i r  a n t ic o d o n s  i n t e r a c t  w i th  a d j a c e n t  condons on th e  
m essenger RNA w h i le  p o ly p e p t id e  and amino a c id  c a r r y in g  3 ' -e n d s  a r e  
c lo s e  enough to  a l lo w  p e p t id e  bond fo rm a tio n  (4 8 ) .  The i n t e r a c t i o n  of 
a n t ic o d o n  and codon i s  s p e c i f i c  f o r  th e  f i r s t  two p o s i t i o n s  o f  th e  
codon. At th e  t h i r d  p o s i t i o n  o f  th e  codon more th a n  one b a se  p a i r  
i n t e r a c t i o n  i s  a l lo w a b le  b ecau se  th e  b a se  a t  th e  5*-e n d  o f  th e  a n t i ­
codon i s  n o t  a s  s p a t i a l l y  c o n f in e d  as th e  o th e r  two, a l lo w in g  i t  more 
freedom  i n  fo rm ing  b a se  p a i r s  w i th  th e  3 ' -en d  o f th e  codon. The 
m o d if ied  b a se  found a d ja c e n t  to  th e  3 ' -en d  o f th e  a n t ic o d o n  p ro b a b ly  
s t a b i l i z e s  th e  c o n fo rm a tio n  o f  th e  a n t ic o d o n  lo o p  (5 3 ) .  I n t e r a c t i o n  
betw een th e  tRNA and rRNA o ccu rs  by hydrogen bonding  o f  th e  TtpC 
sequence  o f  loop  IV to  th e  complementary sequence  i n  th e  5S rRNA o f  
th e  50S s u b u n i t .  I t  i s  assumed t h a t  th e  r e q u i r e d  ex p o su re  o f  th e  TiJjC 
o c c u r s  by a c o n fo rm a t io n a l  change i n  th e  aminoacyl-tRNA on i t s
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I n t e r a c t i o n  w i th  m essenger RNA a t  th e  A - s i t e  o f  th e  ribosom e (5 4 ) .
The r o l e  o f  th e  r e l a t i v e l y  l a r g e  p r o p o r t io n  o f  m o d if ied  b a se s  
found i n  tRNAs i s  s t i l l  c louded  i n  o b s c u r i t y .  I t  i s  known t h a t  when 
a  m o d if ied  b a se  i s  p r e s e n t  i n  th e  f i r s t  p o s i t i o n  o f  th e  a n t ic o d o n ,  
p a i r i n g  p o s s i b i l i t i e s  may be e i t h e r  in c r e a s e d  o r  d e c r e a s e d .  For 
exam ple, i n o s i n e ,  I ,  may p a i r  w i th  U, C, o r  A, w hereas  2 - t h i o u r i d i n e  
can p a i r  w i th  o n ly  A (53) and n o t  G. A r o l e  i n  s t a b i l i z i n g  th e  a n t i ­
codon loop  has  been d e s c r ib e d  above f o r  th e  hyp e rm o d if ied  p u r in e  
a d ja c e n t  to  th e  3 ' -e n d  o f th e  a n t ic o d o n .  A lthough TtjjC i s  im p l ic a te d  
i n  tRNA b in d in g  to  t h e  A - s i t e  by hydrogen  bonding  to  th e  5S rRNA, 
u r i d i n e  m o d i f i c a t i o n  does n o t  a p p e a r  to  be e s s e n t i a l  (4 8 ) .  Feldman 
(55) h a s  su g g e s te d  t h a t  r e v e r s i b l e  ( c o v a le n t )  m ethy lene  c r o s s l i n k s  
a r e  formed from tRNA m ethy l groups which h e lp  f i x  th e  tRNA on th e  
ribosom e.
V. The E v o lu t io n  o f  tRNA
The p rim ary  m o t iv a t io n  f o r  n u c l e o t id e  sequence  d e te r m in a t io n  
o f  tRNA was o r i g i n a l l y  and i s  s t i l l  l a r g e l y  an e f f o r t  to  u n d e rs tan d  
s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s .  As soon a s  th e  f i r s t  few n u c le o t id e  
seq u en ces  o f  tRNA were e l u c i d a t e d ,  i t  became a p p a re n t  t h a t  a second 
ty p e  o f  in fo r m a t io n  would em erge, t h a t  o f  th e  e v o lu t io n a r y  r e l a t i o n ­
s h ip s  o f  tRNA. In  1966, Ju k es  (56) compared th e  seq u en ces  o f  th e  
fo u r  tRNAs th e n  known ( a l l  from y e a s t ) ,  th o s e  o f  a l a n i n e ,  t y r o s i n e ,  
and two s e r i n e  tRNAs by a l ig n m e n t  o f  homologous p o r t i o n s  o f  t h e i r  
sequences  w ith  i n s e r t i o n s  o f  a r b i t r a r y  gaps which i n f e r r e d  t h a t
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d e l e t i o n s  o f  g e n e t i c  m a t e r i a l  had ta k e n  p la c e  d u r in g  e v o lu t io n .
Jukes  h y p o th e s iz e d  t h a t  th e  v a r io u s  tRNAs evo lved  from a  common 
a rc h e ty p e  by means o f  g e n e t i c  d u p l i c a t i o n  fo llo w ed  by f u n c t i o n a l  
d i f f e r e n t i a t i o n .  Homologous r e g io n s  were p re s e rv e d  e i t h e r  due to  th e  
e s s e n t i a l  n a t u r e  o f  t h e i r  f u n c t i o n ,  o r  because  th e  tim e l a p s e  
fo l lo w in g  d u p l i c a t i o n  had n o t  been  s u f f i c i e n t  f o r  th e  a cc u m u la t io n  o f  
enough ra n d o m ly -o c c u r r in g  p o in t  m u ta t io n s  to  produce d i f f e r e n c e s  i n  
b a se  c o m p o s i t io n .
In  1970, w i th  th e  a v a i l a b i l i t y  o f  th e  sequences  o f  s e v e r a l  
E. ooZi tRNAs, M cLaughlin (57) compared d i f f e r e n t  tRNAs w i th in  th e  two 
m ajor g roups  o f  o rg a n ism s ,  p ro k a ry o te s  and e u k a r y o te s .  He assumed 
t h a t  th e  t im e  i n t e r v a l  was th e  same f o r  th e s e  com parisons b ecau se  th e  
d iv e rg e n c e  o f  t h e  tRNAs to o k  p la c e  i n  a  common a n c e s to r  b e f o r e  th e  
d iv e rg e n c e  o f  th e  e u k a r y o t i c  and p r o k a r y o t i c  l i n e s .  He concluded  t h a t  
th e  o v e r a l l  r a t e s  o f  tRNA e v o lu t io n  in  b o th  l i n e s  were com parab le .
By 1973, w i th  o v e r  40 tRNA sequences  a v a i l a b l e  f o r  com parison , 
H olm quist and c o -w o rk e rs  (58) were a b le  to  come to  some g e n e r a l  
c o n c lu s io n s  r e g a r d in g  th e  e v o lu t io n  o f  tRNA. J u k e s '  h y p o th e s i s  o f  
e v o lu t io n  by gene d u p l i c a t i o n  and su b seq u en t d iv e rg e n ce  seemed 
v e r i f i e d  by s i m i l a r i t i e s  common to  a l l  tRNAs. A d d i t io n a l  s i m i l a r i t i e s  
were r e v e a le d  by p a i r w i s e  com parison  o f  v a r io u s  tRNAs. These were 
g r e a t e s t  f o r  c e r t a i n  p a i r s  o f  i s o - a c c e p t i n g  tRNAs w i th in  t h e  same 
s p e c i e s ,  b u t  a l s o  o c c u r re d  to  an e x t e n t  i n  c e r t a i n  p a i r s  o f  tRNAs f o r  
d i f f e r e n t  amino a c i d s  i n  th e  same o rgan ism . F u r th e rm o re ,  a d d i t i o n a l  
e v id en ce  f o r  d i v e r g e n t  e v o lu t io n  was shown w i th  tRNAs f o r  t h e  same
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amino a c i d s  i n  r e l a t e d  o rgan ism s b ecau se  t h e s e  o c c a s io n a l l y  b e a r  a 
sequence  s i m i l a r i t y  t h a t  p a r a l l e l s  th e  p h y lo g e n e t ic  r e l a t i o n s h i p  o f  
t h e  o rg a n ism s .  For exam ple, th e  v a l i n e  tRNAs o f  th e  two s t r a i n s  of 
y e a s t ,  S. oerevieiae and T. utilis d i f f e r  i n  o n ly  t h r e e  n u c l e o t id e  
s i t e s ,  w hereas  th e  p h e n y la la n in e  tRNAs o f  S. oerevisiae and w heat germ, 
w hich a r e  p h y l o g e n e t i c a l l y  l e s s  s i m i l a r ,  d i f f e r  i n  13 s i t e s ,  and th e  
two y e a s t  ( e u k a r y o t i c )  v a l i n e  tRNAs d i f f e r  from th e  t h r e e  E. ooli 
( p r o k a r y o t i c )  v a l i n e  tRNAs i n  abou t 33 s i t e s .  A lthough  a l l  tRNAs 
(w ith  th e  e x c e p t io n  o f  th o s e  in v o lv e d  i n  p e p t id o g ly c a n  s y n t h e s i s )  
i n t e r a c t  s t r u c t u r a l l y  w i th  v a r io u s  components o f  p o ly p e p t id e  s y n t h e s i s ,  
t h e r e  have been  s u r p r i s i n g l y  few r e s t r i c t i o n s  on th e  d iv e rg e n c e  of 
t h e i r  p r im ary  s t r u c t u r e s .  Holm quist (58) c a l c u l a t e d  t h a t  th e  av e rag e  
d iv e rg e n c e  f o r  p a i r s  o f  tRNAs f o r  d i f f e r e n t  amino a c id s  in v o lv e d  in  
p r o t e i n  s y n t h e s i s  i s  49.4%. T h is  f i g u r e  r e p r e s e n t s  an e q u i l ib r iu m  
betw een s e l e c t i v e  and s t o c h a s t i c  p r o c e s s e s  b e c a u se  a c c o rd in g  to  h i s  
c a l c u l a t i o n s ,  th e s e  tRNAs have had tim e  to  d iv e r g e  to  a  maximum of about 
75% ( th e  d iv e rg e n c e  ex p ec ted  from s t o c h a s t i c  p r o c e s s e s  a lo n e  i s  shown 
by com paring th e  two g ly c in e  tRNAs in v o lv e d  i n  p e p t id o g y lc a n  s y n t h e s i s  
w i th  tRNAs f o r  d i f f e r e n t  amino a c id s  p a r t i c i p a t i n g  in  p o ly p e p t id e  
s y n t h e s i s ) .  B ecause c e r t a i n  s t r u c t u r a l  f e a t u r e s  a r e  n e c e s s a r y  f o r  
tRNA f u n c t i o n ,  n a t u r a l  s e l e c t i o n  h as  f a v o re d  th e  more m odera te  
d iv e rg e n c e ,  and i s  r e s p o n s i b l e  f o r  th e  i n v a r i a n t  and s e m i - in v a r i a n t  
n u c l e o t i d e s  i n  tRNAs ( d is c u s s e d  a b o v e ) .
Comparison o f  n u c l e o t id e  seq u en ces  h a s  been  used  a s  a  means of 
exam in ing  th e  p h y lo g e n e t ic  r e l a t i o n s h i p s  o f  th e  s p e c i e s  whose tRNAs
have been sequenced ( 5 7 ,5 8 ,2 7 ) .  I t  has  been  d i f f i c u l t  t o  c o n s t r u c t  
c o h e re n t  p h y to g e n ie s  based  on t h i s  ty p e  o f  in fo r m a t io n  a lo n e  b ecau se  
o f  th e  r e l a t i v e l y  w ide d iv e rg e n c e  found i n  tRNAs as  a  c l a s s  on th e  one 
hand , and b ecau se  o f t e n  a p a r t i c u l a r  ty p e  o f  tRNA shows s u r p r i s i n g  
c o n s e rv a t is m  among v a r io u s  s p e c ie s  (27) on th e  o t h e r .  One 
g e n e r a l i z a t i o n  seems to  be v a l i d ,  t h a t  i s  t h a t  t h e r e  i s  a  g r e a t e r  
d e a l  o f  sequence  homology between e u k a r y o t i c  tRNAs as  a  c l a s s  and 
p r o k a r y o t i c  tRNAs a s  a c l a s s  th a n  betw een th e  two g roups . Thus th e  
sequences  o f  tRNAs from f u n g i ,  f o r  exam ple, w i l l  show more homology 
w ith  an im al sequences  th an  w i th  b a c t e r i a l  sequences  (5 7 ) .
VI. R a t io n a le  f o r  T h is  Study
B i o l o g i s t s  have come to  r e a l i z e  t h a t  th e  most b a s i c  d i v i s i o n  
among o rgan ism s i s  n o t  t h a t  between an im a ls  and p l a n t s ,  b u t  r a t h e r  
between e u k a ry o te s  (n u c le a te d  o rgan ism s) and p r o k a r y o te s  ( b a c t e r i a  and 
b lu e - g r e e n  a l g a e ) . [Twenty y e a r s  ago b a c t e r i a  were s t i l l  c o n s id e re d  
t o  be p l a n t s  ( 5 9 ) . ]  The most im p o r ta n t  d i s t i n c t i o n  i n  t h e  co u rse  of 
e v o lu t io n ,  th e n ,  i s  th e  p re se n c e  o r  ab sen ce  o f  t r u e  n u c l e i ,  m i t o s i s ,  
m e io s i s ,  and c e r t a i n  c e l l  o r g a n e l l e s  (5 7 ) .  Sequence s t u d i e s  of 
p r o t e i n s  and n u c l e i c  a c id s  i s o l a t e d  from p r o k a ry o te s  and e u k a ry o te s  
have confirm ed t h i s  m ajor d i s t i n c t i o n  (60), and have s e rv e d  a s  a 
means f o r  th e  q u a n t i t a t i o n  o f  t h i s  m ajo r d iv e rg e n c e .  McLaughlin (5 7 ) ,  
com paring sequences  o f  v a r io u s  cytochrom e c ’ s and t r a n s f e r  RNAs, 
c a l c u l a t e d  t h a t  th e  d iv e rg e n c e  o f  p r o k a r y o te s  and e u k a ry o te s  i s  2 .6  
t im e s  more rem ote i n  e v o lu t io n  th an  th e  d iv e rg e n c e  o f  th e  e u k a ry o te s  
i n t o  two s e p a r a t e  kingdoms.
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The d is c o v e ry  t h a t  two e u k a r y o t ic  o r g a n e l l e s , th e  
m ito c h o n d r ia  and c h l o r o p l a s t s ,  have t h e i r  own DNA and have th e  
f u n c t i o n a l  a p p a r a tu s  f o r  p r o t e i n  s y n t h e s i s  com ple te  w i th  r ib o so m es, 
tRNAs, and aminoacyl-tRNA s y n th e t a s e s  h a s  r a i s e d  i n t e r e s t i n g  
q u e s t i o n s  r e g a rd in g  th e  e v o lu t io n a r y  o r i g i n  o f  o r g a n e l l e s  and i t s  
im p l i c a t i o n s  i n  th e  e v o lu t io n a r y  d iv e rg e n c e  o f  e u k a ry o te s  and 
p r o k a ry o te s  (6 1 ) .  I t  has  been shown by v a r io u s  te c h n iq u e s  t h a t  th e  
DNA, r ib o so m es , tRNAs, and s y n th e t a s e s  o f  th e s e  o r g a n e l l e s  d i f f e r  from 
t h e i r  c y to p la sm ic  c o u n t e r p a r t s .  I t  i s  known, however, t h a t  o r g a n e l l e s  
a r e  dependen t on m u tua l i n t e r a c t i o n s  w i th  th e  cy top lasm  and n u c le u s  
o f  t h e i r  " h o s t "  c e l l s  (6 2 ) .
These o b s e r v a t io n s  have l e d  many to  b e l i e v e  t h a t  o r g a n e l l e s  
evo lved  from p r o k a r y o t i c  endosym bionts  (6 3 ) .  T h is  view i s  n o t  
u n i v e r s a l l y  a c c e p te d ,  and a n o th e r  s c h o o l  o f  th o u g h t  b e l i e v e s  t h a t  
o r g a n e l l e s  evo lved  th ro u g h  in v a g in a t io n  and c o m p a r tm e n ta l iz a t io n  of 
f u n c t io n  (6 4 ) .  One te c h n iq u e  used  to  draw c o n c lu s io n s  about th e  
o r i g i n s  o f  o r g a n e l l e s  has  been th e  com parison  o f  n u c l e o t id e  sequences  
o f  o r g a n e l l e  RNAs and t h e i r  c y to p la sm ic  and p r o k a r y o t i c  c o u n te r p a r t s .  
For exam ple, hom ologies between th e  rRNAs o f  Euglena c h l o r o p l a s t s  and 
th o s e  o f  s e v e r a l  b lu e - g r e e n  a lg a e  s p e c i e s  w ere  d em o n s tra ted  by 
com parisons  o f  seq u en ces  and by h y b r i d i z a t i o n  o f  a lg a e  rRNA to  Euglena 
c h l o r o p l a s t i c  DNA (6 5 ) .  No homology was a p p a re n t  betw een th e  rRNAs of 
Euglena c h l o r o p l a s t s  and th o s e  o f  Euglena cy to p la sm  (6 6 ) .
In  1976, we (27) r e p o r te d  th e  n u c l e o t i d e  sequence  o f  Euglena 
gracilis c h l o r o p l a s t i c  tRNA*3*16, th e  f i r s t  p r im ary  sequence  o f  an
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o r g a n e l l e  tRNA e l u c i d a t e d .  We found t h a t  l i k e  a l l  o th e r  p h en y l­
a l a n i n e  tRNAs, Euglena c h l o r o p l a s t  tRNA*5*16 c o n ta in e d  76 n u c l e o t i d e s .
nVio
F u r th e rm o re ,  b ecau se  i t  la c k e d  th e  t y p i c a l  e u k a ry o te  tRNA m o d if ied
2 2 1 b a se s  m G, n^G, Cm, Y, and m A, th e  c h l o r o p l a s t  tRNA was more
p r o k a r y o t e - l i k e  th an  e u k a r y o t e - l i k e .  However, i n  o th e r  f e a t u r e s  o f
p r im ary  s t r u c t u r e ,  such  a s  th e  l o c a t i o n  o f  s p e c i f i c  n u c l e o t id e s
w i th in  th e  seq u en ce ,  Euglena c h l o r o p l a s t  tRNA*5*16 had c h a r a c t e r i s t i c s
t y p i c a l  o f  b o th  p r o k a r y o t i c  and e u k a r y o t i c  tRNAs*5*16. The c o n c lu s io n
o f t h i s  s tu d y  was t h a t ,  i n  g e n e r a l ,  Euglena c h l o r o p l a s t  tRNA*5*16 i s
more homologous w i th  p r o k a r y o t i c  tRNAs th a n -w i th  e u k a r y o t ic  tRNAs.
I t  shou ld  be n o te d  t h a t  t h i s  c o n c lu s io n  was made by comparing th e
sequence of Euglena chloroplast tRNA*5*16 with only six other tRNAs*5*16
( t h r e e  e u k a r y o t i c  and t h r e e  p r o k a r y o t i c ) .  F u r th e rm o re ,  th e  known
tRNA seq en ces  a s  a c l a s s  s h a r e  a  h ig h  d eg ree  o f  s i m i l a r i t y .  As
far as dividing the tRNAs*5*16 into eukaryote-like and prokaryote-like
g ro u p s ,  on ly  s i x  r e s id u e s  d i f f e r  c o n s i s t e n t l y  between e u k a ry o te s  and
prokaryotes. Of these six residues, Euglena chloroplast tRNA*5*16
re sem b le s  e u k a ry o te  tRNAs*5*16 i n  two p o s i t i o n s  (4 and 26) and
prokaryote tRNAs*5*16 in four positions (20 , 44, 45 , and 6 0 ) .  Any
c o n c lu s io n s  made were c o n s id e re d  s p e c u l a t i v e .
I t  was c o n s id e re d  im p o r ta n t  t o  o b ta in  more sequences  o f  
tRNA*5*16 f o r  com parison  i n  o r d e r  t o  co n f irm  any c o n c lu s io n s  r e g a rd in g  
th e  n a tu r e  o f  th e  Euglena c h l o r o p l a s t  tRNA*5*16. One sequence  t h a t  was 
c o n s id e re d  e s s e n t i a l  was th e  c y to p la sm ic  tRNA*5*16 from Euglena which 
would p ro v id e  a  d i r e c t  com parison  o f  two tRNAs from th e  same o rg an ism ,
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one from t h e  c y to p la sm  and one from th e  c h l o r o p l a s t .  With t h i s  g o a l  
In  m ind, we embarked on th e  p r o j e c t  d e s c r ib e d  In  t h i s  d i s s e r t a t i o n .
MATERIALS AND METHODS
I .  M a te r i a l s
A. S p e c i a l i z e d  M a te r i a l s  f o r  A u to rad io g rap h y , Chromatography,
High V o ltag e  E le c t r o p h o r e s i s ,  and R a d ia t io n  S a fe ty
Kodak XR-5 x - r a y  f i lm  (2 0 .3  x 2 5 .4  cm and 35 x 43 cm) was 
p u rc h a se d  l o c a l l y .  2 ,5 -D ip h en y lo x azo le  (PPO) was pu rchased  from New 
England N u c le a r .  Xylene cyan o le  FF dye was o b ta in e d  from Eastman 
Kodak. C e l lu lo s e  t h i n  l a y e r  p l a t e s ,  g l a s s  o r  p l a s t i c  b ack ed , were from 
A n a l te c h ,  In c .  P l a s t i c  backed 0.5% P E I -1 0 0 0 - c e l lu lo s e  s h e e t s  were 
p re p a re d  i n  th e  la b  as  d e s c r ib e d  (6 7 ) .  PEI-1000 was k in d ly  p ro v id e d
by Dr. K. R an d e ra th .  MN:500 c e l l u l o s e  ( c e l l u lo s e p u lv e r )  was p u rch ased  
from Brinkman. G la ss  backed P E I - c e l l u l o s e  TLC p l a t e s  were from 
S c h le ic h e r  and S c h u e l l ,  In c .  G la ss  backed D EA E-cellu lose ( C e l l  HR/DEAE; 
1 5 :2 ,  250 m ic ro n s  t h i c k )  TLC p l a t e s  (20 x 20 and 20 x 40 cm) were 
p u rc h a se d  from  A n a lte c h ,  In c .
T hin  l a y e r  chrom atography p l a t e s  were a l l  developed  i n  g l a s s  
t a n k s  w i th  th e  e x c e p t io n  o f  th e  lo n g  D EA E-cellu lose  p l a t e s  (20 x 40 cm) 
f o r  homochromatography which were deve loped  i n  a s p e c i a l l y  d e s ig n e d  
p l e x i g l a s s  t a n k  m anufactu red  by W ilbur S c i e n t i f i c  Co., B o s to n , Mass.
Whatman (DE-81) DEAE p a p e r ,  Whatman 3 MM p a p e r ,  and Whatman //I 
p a p e r  were bought from Reeve Angel and Company. C e l lu lo s e  a c e t a t e  
s t r i p s  (3 x 57 cm) were p u rch ased  from S c h le ic h e r  and S c h u e l l ,  In c .  
C e l lo g e l  s t r i p s  (3 x  57 cm) w ere  p u rch ased  from K alex , I n c .  C e l lo g e l
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s t r i p s  were s t o r e d  i n  30% m ethano l a t  4° C and w ere  soaked  i n  7 M 
u r e a ,  2 mM EDTA, 5% p y r id in iu m  a c e t a t e ,  pH 3 .5  f o r  two h o u rs  b e fo re  
u s e .
DEAE-Sephadex A-25 was o b ta in e d  from Pharm acia  F in e  Chem icals. 
Whatman DEAE (DE-32) c e l l u l o s e  was s u p p l i e d  by Reeve Angel and 
Company.
32y - [  P]-ATP was p re p a re d  b eh in d  2 in c h  t h i c k  p l e x i g l a s s
s h i e l d i n g  s o ld  and b e n t  to  s p e c i f i c a t i o n  by Gulf Wandas P l a s t i c s  i n
Baton Rouge. A le a d  apron  s o ld  by Bar-Ray P ro d u c ts  was worn d u r in g  
32Y“ [ P]-ATP p r e p a r a t i o n .
B. Enzymes
R ib o n u c lea se  and T£ were o b ta in e d  from Sankyo Chemical 
Company. Both were d i s s o lv e d  i n  w a te r  (0 .625  u n i t s / y l  and 0 .5  
u n i t s / y l  T£) and s to r e d  a t  -20°  C. Bovine p a n c r e a t i c  r ib o n u c le a s e  A 
was p u rch ased  from b o th  W orth ing ton  B iochem ica l C o rp o ra t io n  and 
B o eh r in g e r  Mannheim C o rp o ra t io n .  I t  was s t o r e d  i n  a 0 .25  y g /y l  w a te r  
s o l u t i o n  a t  -20°  C.
Snake venom p h o s p h o d ie s te r a s e  was a l s o  bough t from b o th  
W o rth ing ton  and B o eh r in g e r .  B o eh r in g e r  enzyme was found u n s u i t a b l e
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f o r  u se  i n  th e  R andera th  [ H] methods b eca u se  i t  came s to r e d  in  
g l y c e r o l  w hich i n t e r f e r e s  w i th  th e  p e r i o d a t e  o x id a t io n  o f  n u c le a s e s .  
Snake venom p h o s p h o d ie s te r a s e  was g e n e r a l l y  s t o r e d  a s  a  1 y g /y l  w a te r  
s o l u t i o n  a t  -2 0 °  C.
B a c t e r i a l  a l k a l i n e  p h o sp h a ta se  and y e a s t  h e x o k in ase  were
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pu rch ased  a s  ammonium s u l f a t e  su sp e n s io n s  from B o eh r in g e r  Mannheim 
C o rp o ra t io n ,  and co u ld  be  s t o r e d  u n d i lu t e d  a t  4° C. B a c t e r i a l  
a l k a l i n e  p h o sp h a ta se  was u s u a l l y  d i l u t e d  to  2 .5  u n i t s / m l  w i th  w a te r  
and s to r e d  a t  -2 0 °  C. H exokinase  was d i l u t e d  to  2 .1  u n i t / m l  i n  50% 
g l y c e r o l ,  5 mM sodium a c e t a t e ,  pH 5 .0 ,  and s t o r e d  a t  -2 0 °  C.
N uclease  was p u rch ased  from Yamasa Shoyu Co. and s to r e d  
i n  a 1 .0  mg/ml 50 mM t r i s - m a l e a t e ,  pH 6 .0  s o l u t i o n  a t  -20°  C. When 
read y  f o r  u s e ,  i t  was d i l u t e d  t o  th e  p ro p e r  c o n c e n t r a t io n  w i th  50 mM 
ammonium a c e t a t e ,  pH 5 .3 .
T^ , p o ly n u c le o t id e  k in a s e  was k in d ly  p ro v id e d  by Dr. Simon 
Chang who p u r i f i e d  i t  i n  th e  l a b  from an e x t r a c t  o f  E. ooli s t r a i n  B 
in f e c t e d  w ith  phage amN82 a c c o rd in g  to  th e  p ro c e d u re  o f  R ichardson  
(68).
Ammonium s u l f a t e  su sp e n s io n s  o f  y e a s t  p h o sp h o g ly c e ra te  k in a s e  
and r a b b i t  m uscle  g ly c e r a ld e h y d e -3 -p h o s p h a te  dehydrogenase  were 
pu rch ased  from B o eh r in g e r  Mannheim C o rp o ra t io n  and s t o r e d  a t  4° C.
C. R a d io a c t iv e  M a te r i a l s  and F lu o r s
3
P o ta ss iu m  b o ro [  H ]h y d rid e  (15 Ci/mmole) was p u rch ased  from 
Amersham Corp. i n  l y o p h i l i z e d  b a tc h e s  o f  100 mCi. These were 
r e c o n s t i t u t e d  w i th  a  s o l u t i o n  o f  c o ld  p o ta ss iu m  b o ro h y d r id e  (Sigma) i n
0 .1  N KOH g iv in g  a f i n a l  c o n c e n t r a t i o n  o f  0 .1  N p o ta ss iu m  b o ro h y d r id e  
(5 C i/m m ole), 0 .1  N KOH. T h is  s o l u t i o n  was th e n  d iv id e d  i n t o  25 p i  
a l i q u o t s  which were added to  p o ly e th y le n e  tu b e s  and ly o p h i l i z e d .  These 
were s to r e d  a t  -80°  C and r e c o n s t i t u t e d  when needed .
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32C a r r i e r  f r e e  [ P ] -p h o sp h a te  In  20 mCi b a tc h e s  was bought
from ICN P h a rm a c e u t i c a l s ,  I n c .  o r  New England N u c lea r  and used  i n  th e
32p r e p a r a t i o n  o f  y - [  P]-ATP a s  d e s c r ib e d  i n  Methods.
35C a r r i e r  f r e e  sodium [ S] s u l f a t e  f o r  th e  making o f  r a d i o a c t i v e  
in k  was pu rchased  from  ICN P h a rm a c e u t ic a ls .
A quasol and 2 ,5 -D ip h e n y lo x a z o le  (PPO) were pu rchased  from New 
England N u c lea r .
D. S p e c ia l i z e d  R eagen ts  and tRNA Samples
N u c le o s id e s ,  p o ta s s iu m  b o ro h y d r id e ,  and sodium p e r io d a t e  were 
p u rch ased  from Sigma Chem ical Company.
T r ie th y la m in e  was from A ld r ic h  Chemical Company. I t  was made 
2 M i n  w a te r  and th e n  bubb led  w i th  CO2  a t  0° C u n t i l  th e  pH was 
low ered  to  7 .5 .  T r ie th y la m in e  b ic a r b o n a te  (TEAB) was s to r e d  a t  4° C 
i n  brown, opaque b o t t l e s .
N uc leos ide  5 '  monophosphate and n u c le o s id e  3 f , 5 '  d ip h o sp h a te  
uv m arkers  were k in d ly  p ro v id e d  by Dr. U. L. RajBhandary. N u c leo s id e  
t r i a l c o h o l  uv m arkers  were  p re p a re d  a s  d e s c r ib e d  i n  Methods.
Na2 ~ATP was p u rc h a se d  from Sigma Chemical Company, d i s s o lv e d  
i n  w a te r ,  t i t r a t e d  to  pH 7 .0  w i th  NaOH, a d ju s t e d  to  a  f i n a l  volume o f 
50 mM, and s to r e d  a t  -2 0 °  C.
G lu ta th io n in e  (red u ced  fo rm ) , 3 -p h o sp h o g ly c e r ic  a c id  (PGA), 
and d i t h i o t h r e i t o l  (DTT) were from Sigma Chemical Company. G lu ta th io n e  
(40 mM), DTT (80 mM), and PGA (100 mM) were s to r e d  a s  w a te r  s o l u t i o n s  
a t  -20°  C. G lu ta th io n e  and DTT s o l u t i o n s  were g e n e r a l l y  d iv id e d  i n t o
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sm a l l  a l i q u o t s  s t o r e d  In  s e p a r a t e  p o ly e th y le n e  tu b e s  which a f t e r  
thaw ing and u s in g  once were d i s c a r d e d .
N i t r i l o t r i a c e t i c  a c id  (NTA) was pu rchased  from Schwarz Mann 
Chem ical Company, d i s s o lv e d  i n  w a te r ,  t i t r a t e d  to  pH 7 .0  w i th  NaOH, 
a d ju s t e d  to  50 mM f i n a l  c o n c e n t r a t i o n ,  and s to r e d  a t  -20°  C.
A n i l in e -H C l ,  pH 4 .5  was p re p a re d  by t i t r a t i n g  d i s t i l l e d  
a n i l i n e  w i th  c o n c e n t r a t e d  HC1 and was s to r e d  a t  a  c o n c e n t r a t i o n  o f
0 .3  M a t  -20°  C.
E l e c t r o p h o r e t i c  g rade  ac ry lam id e  and b i s a c ry la m id e  were 
pu rch ased  from Bio-Rad L a b o r a to r i e s .  U l t r a p u re  u re a  was from Schwarz 
Mann.
Crude y e a s t  RNA was pu rchased  from Sigma, and s to r e d  a t
4° C.
Euglena gracilis c h l o r o p l a s t  tRN A ^e a n d . c y to p la sm ic  tRNA^*16 
were i s o l a t e d  by H ecker and B a r n e t t  (69 ,70 )  a t  Oak Ridge N a t io n a l  
L a b o ra to ry ,  T e n n essee .  The l a t t e r  tRNA was found to  be i n s u f f i c i e n t l y  
p u re ;  t h e r e f o r e ,  i t  was f u r t h e r  p u r i f i e d  by RPC-5 chrom atography (7 1 ) .
E. I n s t r u m e n ta t i o n  and Equipment
S p e c t ro p h o to m e tr ic  d e te r m in a t io n s  were made i n  a  G i l f o r d
Model 200 s p e c t ro p h o to m e te r .  High v o l t a g e  e l e c t r o p h o r e s i s  was run  in
equipm ent from e i t h e r  G ilso n  I n s t r u m e n ts ,  In c .  o r  S avan t I n s t r u m e n ts .
32R otor vamping and evapom ixing  f o r  y - [  P]-ATP p r e p a r a t i o n  were done 
u t i l i z i n g  a  F la s h  E v a p o ra to r  and a Evapo-Mix from B uch le r  I n s t r u m e n ts ,  
and a vacuum pump from  G en era l  E l e c t r i c .
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M ic r o q u a n t i t i e s  o f  l i q u i d s  i n  p o ly e th y le n e  tu b in g  were
c e n t r i f u g e d  w i th  an Eppendorf Model 3200 m ic r o c e n t r i f u g e .
L iq u id  s c i n t i l l a t i o n  and Cherenkov c o u n t in g  were done w i th  a
Beckman LS-255 o r  LS-200 s c i n t i l l a t i o n  c o u n te r .  A p o r t a b l e  G e iger
32c o u n te r  used  f o r  m o n i to r in g  [ P] a c t i v i t y  and p o s s i b l e  c o n ta m in a t io n  
was from, E b e r l i n e  In s t ru m e n t  C o rp o ra t io n .
I I .  Methods
A. G en era l  Methods
1. A u to rad io g rap h y  and F luo rog raphy
32A u to rad io g rap h y  o f  [ P] sam ples on 'p ap e r  o r  TLC p l a t e s  was 
perfo rm ed  u s in g  Kodak XR-5 x - r a y  f i l m  (2 0 .3  x 2 5 .4  cm o r  35 x 43 cm) 
a t  room te m p e ra tu re  i n  le a d  covered  f o l d e r s .
Length o f  exp o su re  depended on amount o f  r a d i o a c t i v i t y  and
32 6v a r i e d  from 2 m in u te s  f o r  y - [  P]-ATP p u r i f i c a t i o n  a s s a y s  (>1 .0  x 10
cpm) to  o v e r  a  week f o r  some tw o -d im en s io n a l  homochromatography p l a t e s  
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(< 2 .0  x 10 cpm).
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F lu o ro g rap h y  o f  [ H] sam ples on TLC p l a t e s  was perfo rm ed  by
f i r s t  p o u r in g  a s o l u t i o n  o f  7% PPO i n  d i e t h y l  e t h e r  (w/v) ov e r  th e
s u r f a c e  o f  th e  p l a t e  and th e n  a i r  d ry in g  (7 2 ) ,  and th e n  w rapp ing  f i lm
and p l a t e  i n  aluminum f o i l  and e x p o s in g  a t  -8 0 °  C. Exposure tim e was
g e n e r a l l y  3-4 days .
R a d io a c t iv e  in k  was p re p a re d  by d i s s o l v i n g  x y le n e  cyan o le  FF 
35dye i n  [ S] sodium s u l f a t e  i n  w a te r  ( 0 .2 - 2 .0  m C i/m l) .
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2. Thin  Layer Chromatography
G lass  backed P E I - c e l l u l o s e  p l a t e s ,  to  be  developed  In  fo rm ic
a c id  s o l v e n t s ,  were p re ru n  w i th  2 M p y r id in iu m  fo rm a te ,  pH 2 .2 ,  d r i e d ,
p re ru n  i n  w a te r ,  d r i e d ,  and th e n  s t o r e d  a t  4° C (7 3 ) .  P l a s t i c  backed
3
P E I - c e l lu lo s e  s h e e t s ,  t o  be  used  f o r  seq u en c in g  by [ H] l a b e l l i n g ,  
were p re p a red  as  d e s c r ib e d  (6 7 ) .  C e l lu lo s e  p l a t e s  and DEAE-cellulose 
p l a t e s  were used d i r e c t l y  from th e  box.
For c e l l u l o s e  p l a t e s ,  sam ples  were g e n e r a l l y  a p p l ie d  in  sm a ll  
a l i q u o t s  o f  0 .5 - 1 .0  y l  i n  o r d e r  t o  av o id  d i f f u s i o n .  DEAE-cellulose 
and P E I - c e l l u lo s e  co u ld  accommodate l a r g e r  a l i q u o t s  (5 .0 - 1 0 .0  y l ) , i f  
a p p l ie d  s lo w ly ,  s in c e  d i f f u s i o n  i s  m inim al on th e s e  io n  exchange 
r e s i n s .
The fo l lo w in g  s o lv e n t s  were used  i n  th e  v a r io u s  TLC system s 
d e s c r ib e d  in  su b seq u en t s e c t i o n s :
(a) n - p r o p a n o l :w a te r : c o n c e n t r a t e d  ammonium hy d ro x id e  
(5 5 :3 5 :1 0 ,  v / v ) , (p re p a re d  f r e s h  d a i l y )
(b) i s o b u t y r i c  a c id : w a t e r : c o n c e n t r a t e d  ammonium hydrox ide  
(6 6 :3 3 :1 ,  v / v ) ,  ( p re p a re d  f r e s h  d a i l y )
(c) a c e t o n i t r i l e : 4  N aqueous ammonia ( 3 . 4 : 1 ,  v /v )
(p rep a re d  f r e s h  d a i l y )
(d) t -am y l a lc o h o l  : m e thy l e t h y l  k e t o n e : a c e t o n i t r i l e : e t h y l  
a c e t a t e :w a t e r : fo rm ic  a c i d ,  sp .  g ra v .  1 .2  
( 4 : 2 : 1 . 5 : 2 : 1 . 5 : 0 . 1 8 ,  v / v ) ,  (p re p a re d  f r e s h  d a i ly )
(e) 0 .8  M L iC l :0 .8  M a c e t i c  a c id  ( 1 :1 ,  v / v ) ,  ( s to r e d  a t  room 
te m p e ra tu re  up to  two months)
( f )  0 .1  M p o ta ss iu m  p h o sp h a te  (pH 6 . 8 ) :n-propanol:ammonium 
s u l f a t e  (100 m l:2  m l : 60 g ram s) ,  (0 .1  M p o ta ss iu m  
p h o sp h a te ,  pH 6 .8 ,  s t o r e d  a t  4° C up to  6 months)
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3. Homochromat ography
i .  P r e p a r a t i o n  o f  th e  Homomix
Homomixes o f  v a r io u s  s t r e n g t h s  were p re p a re d  a s  d e s c r ib e d  
(7 4 ,7 5 ) .  For 0 .5  l i t e r ,  210 grams o f  r e a g e n t  g rade  u re a  were d i s s o lv e d  
i n  200 ml o f  d e io n iz e d  w a te r  a t  37° C. F i f t e e n  grams o f  c ru d e  y e a s t  
RNA were added and d i s s o lv e d  by s t i r r i n g .  The s o l u t i o n  was b ro u g h t  to  
pH 7 .0  u t i l i z i n g  2 M KOH dropw ise  w ith  s t i r r i n g .
A d d i t io n a l  2 M KOH was added dropw ise  in  an amount depend ing  
on f i n a l  KOH c o n c e n t r a t i o n  d e s i r e d — from 10 mM to  75 mM KOH. (F in a l  
KOH c o n c e n t r a t i o n  i s  dependent on th e  amount o f  KOH added a f t e r  
n e u t r a l i z a t i o n . )  The m ix tu re  was covered  w i th  Saran  wrap and 
in c u b a te d  a t  65° C f o r  25 h o u rs .  The s o l u t i o n  was b ro u g h t  to  25° C 
and u t i l i z i n g  g l a c i a l  a c e t i c  a c id  d ropw ise  w i th  c o n s ta n t  s t i r r i n g ,  was 
b ro u g h t  to  pH 4 .7 .  The volume was a d ju s t e d  to  500 ml w i th  w a te r .  
Homomixes were s t o r e d  a t  4° C.
i i .  Development o f  DEAE-Cellulose Thin Layer P l a t e s  
i n  Homomix
All homochromatography (76) was performed in a 65° C oven in 
sealed TLC tanks with pre-heated solvents. Regular size DEAE-cellulose 
plates (20 x 20 cm) were run in glass tanks, while long DEAE-cellulose
plates (20 x 40 cm) were run in specially designed plastic tanks (see
Materials).
Whatman 3 MM p a p e r  (20 cm x 1 /2  p l a t e  l e n g th )  clamped to  th e
top  o f  t h e  p l a t e  s e rv e d  a s  a w ick . P l a t e s  were p r e - h e a t e d  i n  th e  oven
and p r e - r u n  w i th  w a te r  (ab o u t h a l f  way up th e  p l a t e ) . They were th e n
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t r a n s f e r r e d  d i r e c t l y  t o  th e  a p p r o p r i a t e  homomix s o l v e n t .  The p l a t e s  
were  ru n  u n t i l  th e  x y len e  c y an o l  dye (p r e v io u s ly  s p o t t e d  a t  o r i g i n )  
re a ch e d  8 .0  cm on th e  r e g u l a r  s i z e  p l a t e s  and 3 6 .0  cm on th e  long  
p l a t e s .  The p l a t e s  were th e n  im m ed ia te ly  oven d ry ed . V i s u a l i z a t i o n  
o f  homochromatography p a t t e r n s  was by a u to ra d io g ra p h y .  I n t e r p r e t a t i o n  
o f  p a t t e r n s  i s  e x p la in e d  i n  R e s u l t s .
B. Methods f o r  Base C om position and Sequence A n a ly s is  o f  RNA 
by Chem ical T r i t iu m  L a b e l l in g
1. P r e p a r a t i o n  o f  U n la b e l le d  N u c leo s id e  T r ia c o h o l  uv Markers 
T h is  te c h n iq u e  was pe rfo rm ed  e s s e n t i a l l y  a s  d e s c r ib e d  (7 7 ) .  A
3 .0  mM n u c le o s id e  s o l u t i o n  (1 3 .3  ml) was p re p a re d  c o n s i s t i n g  of 
e q u iv a l e n t  m olar amounts o f  u r i d i n e ,  c y t i d i n e ,  g u a n o s in e ,  and 
a d e n o s in e .  F ive  p i  o f  2 M KOH were added ( to  g e t  th e  p u r in e  
n u c le o s id e s  i n t o  s o l u t i o n ) .
A 200 p i  a l i q u o t  o f  th e  n u c le o s id e  s o l u t i o n  was o x id iz e d  w ith  
5 p i  0 .1 8  M NalO^ f o r  35 m in u te s  a t  room te m p e ra tu re  i n  th e  d a rk .
Then 5 p i  0 .7 2  M NaBH^ i n  0 .1  N NaOH were added. The m ix tu re  
was in c u b a te d  f o r  35 m in u tes  a t  room te m p e ra tu re  i n  th e  d a rk .  Two 
hundred  p i  1 N a c e t i c  a c id  were added t o  d e s t r o y  NaBH^. The s o lu t i o n  
was l y o p h i l i z e d  and r e c o n s t i t u t e d  i n  100 p i  w a te r ,  and s to r e d  a t  -20°  C.
2. P r e p a r a t i o n  and I s o l a t i o n  o f  O l ig o n u c le o t id e s  by T^
RNase D ig e s t io n
About 2 .0  A£gQ o f  tRNA were d ig e s t e d  w i th  3 .0  u n i t s  o f  T^ RNase 
in  0 .0 2  M NH4HC03 , pH 7 .8  (60 p i  v o l )  f o r  7 h o u rs  a t  37° C. F ive  p i  
b a c t e r i a l  a l k a l i n e  p h o sp h a ta se  (2 .5  u n i t s / m l )  were th e n  added , and th e
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mix was in c u b a te d  f o r  an a d d i t i o n a l  2 h o u rs  a t  37° C. A f te r  e x te n s iv e  
l y o p h i l i z a t i o n  t o  remove s a l t ,  th e  r e s id u e  was r e c o n s t i t u t e d  i n  2 y l 
w a te r .  I t  was a p p l i e d  a t  2£ cm from b o th  th e  l e f t  and low er edges of 
a  c e l l u l o s e  g l a s s  t h i n  l a y e r  p l a t e  (20 x  20 cm).
The f i r s t  d im ens ion  was run  tw ic e  (7 9 ) ,  f i r s t  a t  4° C i n  the  
c o ld  room (12 h o u r s ) ,  and th e n ,  a f t e r  a i r  d ry in g ,  a t  room tem p era tu re  
(6 h o u r s ) .  The f i r s t  d im ension  was run  w i th  s o lv e n t  system  ( a ) .
A f te r  a i r  d r y in g ,  th e  second  d im ension  (78) was run  a t  room 
te m p e ra tu re  (12 h o u r s ) . The second d im ension  was run  w i th  s o lv e n t  
system  ( b ) .
Fragm ents were  v i s u a l i z e d  under uv l i g h t .  E x t r a c t i o n  was by 
s c r a p in g  s p o t s ,  and s u c t i o n i n g  th e  r e s u l t i n g  powder i n t o  Eppendorf 
t i p s  whose bottom s w ere  p lugged  w i th  g l a s s  wool. S ix ty  y l  o f  w a te r  
were added to  th e  powder i n  each  t i p  and then  th e  t i p s  were p la c e d  in  
th e  co ld  room f o r  2 h o u rs .  The s o l u t i o n s  were th en  c e n t r i f u g e d  in to  
Eppendorf tu b e s .  T h is  s t e p  was re p e a te d  once. The s o l u t i o n s  were 
measured f o r  ab so rb an ce  a t  260 nm in  a G i l fo r d  sp ec tro p h o to m e te r .
3. Base Com position  A n a ly s is  o f  R ib o p o ly n u c le o t id e s
T h is  te c h n iq u e  was pe rfo rm ed  e s s e n t i a l l y  a s  d e s c r ib e d  by 
R andera th  (3 1 ,7 7 ,7 9 )  w i th  fo u r  m inor m o d i f i c a t io n s .
a) P o ly e th y le n e  tu b e s  (1 .5  ml) were s u b s t i t u t e d  f o r  g l a s s  
t e s t  tu b e s  f o r  ru n n in g  r e a c t i o n s  a s  w e l l  as  f o r  
s to r a g e  o f  p o ta s s iu m  b o ro  [ % ]  h y d r id e .  Recovery of 
sample was much b e t t e r  i n  p o ly e th y le n e  t u b e s ,  and th ey  
were a l s o  more c o n v e n ie n t  f o r  l y o p h i l i z a t i o n .
b) Samples were in c u b a te d  w i th  0 .35  u n i t s  o f  T£- RNase f o r  
2 h o u rs  a t  37° C w i th o u t  b u f f e r  b e fo re  d i g e s t i o n  w i th
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R a n d e r a th 's  enzyme mix (7 7 ) .  Samples t r e a t e d  t h i s  way 
gave more a c c u r a t e  r e s u l t s  b eca u se  th e  T2  RNase d i g e s t s  
c e r t a i n  l in k a g e s  more e f f i c i e n t l y  th an  th e  enzyme mix.
c .  R educ tion  o f  volume f o r  TLC was by l y o p h i l i z a t i o n  
r a t h e r  th a n  by b low ing w i th  N£*
d. I n s t e a d  o f  a  2 - f o l d  m olar e x ce ss  o f  p e r io d a t e  over 
n u c le o s id e  and a  5 - f o l d  m olar e x c e s s  o f  b o ro h y d r id e  
over p e r i o d a t e ,  a  3 - f o ld  e x ce ss  o f  p e r io d a t e  over 
n u c le o s id e  and a  2 0 - f o ld  e x ce ss  o f  b o ro h y d r id e  over 
p e r i o d a t e  w ere  used  (8 0 ) .
G e n e ra l ly ,  0 .1  nmole o f  r ib o p o l y n u c le o t id e  ( e q u iv a le n t  to  
abou t 0 .1  A2 0 Q of i n t a c t  tRNA) was d ig e s t e d  to  th e  n u c le o s id e  l e v e l  f o r  
b a se  a n a l y s i s .  The RNA ( i n  10 y l  w a te r )  was f i r s t  in c u b a te d  w i th  0 .35  
u n i t  o f  RNase f o r  2 h o u r s ,  37° C. The s o l u t i o n  was th e n  ly o p h i l i z e d  
and r e c o n s t i t u t e d  w i th  5 y l  o f  an en zy m e-b u ffe r  mix (77) c o n s i s t i n g  of 
0 .064  y g /y l  snake venom p h o s p h o d ie s te r a s e ,  0 .064  y g /y l  p a n c r e a t i c
_2
r ib o n u c le a s e  A, 0 .0 4 8  y g /y l  b a c t e r i a l  a l k a l i n e  p h o s p h a ta s e ,  3 x 10 M
b ic in e -N a  ( th e  b u f f e r  added was 0 .6  M, pH 8 . 0 ) ,  1 x  10 ^ M MgCl^, and
in c u b a te d  f o r  12 h o u r s ,  37° C.
The r e s u l t i n g  n u c le o s id e s  were o x id iz e d  w i th  th e  a d d i t i o n  o f
an app rox im ate  3 - f o l d  m o la r  e x ce ss  o f  NalO^ ov e r  n u c le o s id e  (20 y l
t o t a l  vo lu m e). In c u b a t io n  was a t  room te m p e ra tu re  f o r  2 h o u rs  i n  th e
d a rk .  The in c u b a t io n  m ix tu re  was th e n  coo led  on i c e  and 1 .5  y l  0 .1 5  M
3
p h o sp h a te ,  pH 6 .8  was added . A 2 0 - f o ld  e x ce ss  o f  p o ta ss iu m  boro  [ H]
3
h y d r id e  was th e n  im m ed ia te ly  added. (The p o ta ss iu m  bo ro  [ H] h y d r id e  
used  was 0 .1  N in  0 .1  N KOH, and had a  s p e c i f i c  a c t i v i t y  o f  5 C i/m m ole.) 
In c u b a t io n  was i n  t h e  d a rk  f o r  2 h o u rs  a t  room te m p e ra tu re .  Excess 
b o ro h y d r id e  was d e s t r o y e d  by th e  a d d i t i o n  o f  2 y l  5 N a c e t i c  a c id .
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T h is  o p e r a t io n  was perfo rm ed  i n  th e  hood a s  t r i t i u m  gas  was g iv e n  o f f .
The s o l u t i o n  was a llo w ed  t o  s i t  f o r  20 m in u te s ,  and th e n  was
l y o p h i l i z e d .  The r e s i d u e  o f  l a b e l l e d  t r i a l c o h o l s  was ta k e n  up i n  2 p i
0 .1  N fo rm ic  a c id  and s to r e d  a t  -2 0 °  C.
In  p r e p a r a t i o n  f o r  tw o -d im en s io n a l  c e l l u l o s e  TLC (8 1 ) ,  4 p i  
w a te r  were added t o  d i g e s t s  o f  tRNA w hereas  4 p i  c o ld  t r i a l c o h o l  uv 
m a rk e rs ,  p re p a re d  a s  d e s c r ib e d  above, were added t o  d i g e s t s  o f  
f rag m e n ts .
A l iq u o ts  f o r  TLC (1 p i  f o r  tRNA d i g e s t s ;  2 p i  f o r  f rag m en ts )
were a p p l ie d  a t  2 .5  cm each  from th e  l e f t  hand and bo ttom  edge o f  a
p l a s t i c - b a c k e d  c e l l u l o s e  TLC p l a t e  (20 x 20 cm). The f i r s t  d im ension  
was ru n  w i th  s o lv e n t  system  (c) (8 1 ) ,  17 cm from th e  o r i g i n .  The TLC 
p l a t e  was a i r  d r i e d  and a  Whatman II1 wick was a t t a c h e d  t o  th e  top  o f  
t h e  s h e e t  by s t a p l i n g .  The second d im ension  was run  w i th  s o lv e n t  
system  (d) (8 1 ) ,  and developm ent was to  3 cm on th e  w ick .
A f te r  a i r  d r y in g  o f  p l a t e s ,  w icks were removed and m arkers  
were v i s u a l i z e d  u n d e r  uv l i g h t  and o u t l i n e d  to  s e r v e  a s  r e f e r e n c e  
s p o ts  when com paring to  th e  s ta n d a rd  map (8 1 ) .
Ten ml o f  7% PPO i n  d i e t h y l  e t h e r  were poured  ov e r  th e  p l a t e
to  s e r v e  a s  f l u o r  f o r  a u to ra d io g ra p h y .  Exposure t o  f i l m  was f o r  two 
to  t h r e e  d a y s .  Compounds were lo c a te d  by a l i g n i n g  th e  p l a t e  w i th  th e  
f i l m  and c u t  o u t .
E l u t io n s  o f  c u to u t s  were perform ed  l a y e r  s i d e  down i n  25 ml 
b e a k e rs  wih 1 ml 2 N ammonia f o r  3 h o u rs .  Then 0 .5  ml a l i q u o t s  were 
t r a n s f e r r e d  to  s c i n t i l l a t i o n  v i a l s  to  which 10 ml o f  a q u a s o l  were
added . Samples w ere q u a n t i t a t e d  by l i q u i d  s c i n t i l l a t i o n  c o u n t in g .
4. Sequence A n a ly s is  o f  O l ig o n u c le o t id e s  by P a r t i a l  Snake 
Venom P h o s p h o d ie s te ra s e  D ig e s t io n  and P H ] L a b e l l in g
T r i t iu m  sequence  a n a l y s i s  o f  p a r t i a l  SVP d i g e s t s  (32) proved
u s e f u l  f o r  th e  unambiguous l o c a t i o n  o f  any m o d if ied  r e s i d u e s  n o t  found
a t  th e  5 '- e n d  of an o l i g o n u c l e o t id e .
The p a r t i a l  d i g e s t  m ix tu re  c o n ta in e d  0 .005  mM o l ig o n u c le o t id e ,
10 mM magnesium a c e t a t e ,  20 mM b i c i n e ,  pH 8 .0 ,  0 .1  y g /y l  b a c t e r i a l
a l k a l i n e  p h o s p h a ta s e ,  and 0 .0 1  y g /y l  SVP i n  a  100 y l  volume.
D ig e s t io n  was a t  room te m p e ra tu re .  F iv e  y l  o f  0 .7 5  mM Na-IO^ were added
to  10 y l  a l i q u o t s  o f  th e  d i g e s t i o n  ta k en  a t  0 ,  0 .5 ,  1 ,  2 ,  3 , 5 ,  10,
20, 25, and 35 m in u te s .  O x id a t io n  was a t  room te m p e ra tu re  in  th e  da rk
3
f o r  1 h ou r . One y l  0 .1  M p o ta ss iu m  boro  [ H] h y d r id e  (5 Ci/mmole) was 
added to  each  a l i q u o t .  The r e d u c t io n  m ixes were in c u b a te d  f o r  1 hour 
a t  room te m p e ra tu re  in  th e  d a rk .  F i f t e e n  y l  5 N a c e t i c  a c id  were 
added to  each  a l i q u o t  i n  th e  hood ( t r i t i u m  gas  was g iv en  o f f ) .  A f te r  
30 m in u te s ,  th e  s o l u t i o n s  were l y o p h i l i z e d ,  and th e n  r e c o n s t i t u t e d  
i n  10 y l  w a te r .  Samples were s t o r e d  a t  -8 0 °  C u n t i l  a n a l y s i s .
A n a ly s is  o f  l a b e l l e d  s o l u t i o n s  was by P E I - c e l lu lo s e  TLC (22) 
o f  a l i q u o t s  c o r re sp o n d in g  to  0 .0 2  nmole o f  o r i g i n a l  o l i g o n u c l e o t i d e .  
P r e p a r a t i o n  o f  p l a s t i c  backed P E I - c e l l u l o s e  p l a t e s  (20 x 35 cm) was 
a s  d e s c r ib e d  (2 2 ,6 7 ) .
P r i o r  to  a p p l i c a t i o n  o f  s am p les ,  t h e  P E I - c e l l u l o s e  s h e e t  was 
shaked i n  300 ml m e th a n o l /co n c .  ammonia (1 0 0 0 :1 ,  by v o l . )  f o r  5 
m in u te s  and a i r  d r i e d .  A f te r  a p p l i c a t i o n ,  t h e  s h e e t  was p re -d e v e lo p e d
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w i th  w a te r  to  3 -4  cm on a  Whatman // 1 w ick a t t a c h e d  a t  22 cm above 
th e  o r i g i n .  Development was i n  R a n d e ra th 's  8 .0  M u r e a ,  0 .0 5 - 0 .8  M t r i s -  
HC1, pH 8 .0  g r a d i e n t  s o lv e n t  system  (6 7 ) .  A f te r  developm ent, th e  
s h e e t  was a i r  d r i e d  and th e n  soaked  w i th  a g i t a t i o n  i n  500 ml m ethano l.  
V i s u a l i z a t i o n  was by f lu o r o g ra p h y  fo l lo w in g  c o a t in g  o f p l a t e s  w i th  
7% PPO i n  d i e t h y l  e t h e r  (10 m l) .  R e lea se  o f  t h e  l a b e l l e d  3 r- t e r m i n i  
n u c le o s id e  t r i a l c o h o l s  was accom plished  by in situ d i g e s t i o n  w i th  
RNase T^ (2 -4  p i ,  lmg/ml) a t  25° C f o r  12 h o u rs .  The enzyme was 
a p p l ie d  d i r e c t l y  t o  th e  s p o t ,  which was th en  covered  w i th  a p ie c e  of 
P a r a f i lm .  A heavy g l a s s  p l a t e  was p la c e d  on top  of t h i s  assem blage to  
p re v e n t  e v a p o r a t io n .
The l a b e l l e d  t r i a l c o h o l  n u c l e o s id e s  were e x t r a c t e d  from th e  
p l a t e  by s c r a p in g  each  s p o t ,  and a u c t io n in g  th e  r e s u l t i n g  powder i n t o
an Eppendorf t i p  w i th  g l a s s  wool a t  i t s  bo ttom . One hundred and
tw en ty  p i  o f  w a te r  were added t o  th e  powder and i t  was a llow ed  to  s i t
i n  th e  co ld  room f o r  2 h o u r s .  The t i p  was th e n  p la c e d  i n t o  an
Eppendorf tube  and th e  l i q u i d  was c e n t r i f u g e d  i n t o  th e  tu b e .  The 
s o l u t i o n  was th e n  l y o p h i l i z e d  and r e c o n s t i t u t e d  in  4 p i  uv m arkers  
( s e e  a b o v e ) ,  1 p i  0 .1  N fo rm ic  a c i d ,  and was s t o r e d  a t  -2 0 °  C.
3
I d e n t i f i c a t i o n  o f  th e  r e l e a s e d  [ H] l a b e l l e d  t r i a l c o h o l  n u c le o s id e s  was 
by u s in g  th e  base  c o m p o s i t io n  a n a l y s i s  TLC system  d e s c r ib e d  above and 
th e n  comparing to  a  s ta n d a r d  map (8 1 ) .
32C. Methods f o r  Sequencing  U sing  5 '-End-G roup L a b e l l in g  w i th  [ P]
321. P r e p a r a t io n  o f y- [  P]-ATP
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32Commercial y~[ P]-ATP, pu rchased  from ICN P h a rm a c e u t i c a l s ,
In c .  was -found to  be  u n s u i t a b l e  f o r  o u r  u se  due t o  a  comtaminant which
32i n h i b i t e d  th e  p o ly n u c le o t id e  k in a s e  r e a c t i o n .  y - [  P]-ATP w as,
t h e r e f o r e ,  p re p a re d  i n  our la b  e n z y m a t ic a l ly  u t i l i z i n g  c a r r i e r - f r e e  
32[ P ] - i n o r g a n i c  p h o sp h a te  and an exchange r e a c t i o n  r e p o r t e d  by Glynn 
and C h ap p e l l  (8 2 ) .  T h is  in v o lv e d  th e  g l y c o l y t i c  r e a c t i o n s  shown in  
F ig .  2.
As i n d i c a t e d  by th e  AG°'s, th e  e q u i l ib r iu m  p o s i t i o n  o f th e
combined r e a c t i o n  i s  f a r  to  th e  l e f t .  U t i l i z i n g  th e  c o n d i t io n s
d e t a i l e d  below , th e  r e a c t i o n  can i n i t i a l l y  be fo rc e d  to  th e  r i g h t .
32In  t h e  p re s e n c e  o f  e x c e s s  [ P ] -p h o s p h o r ic  a c id  a  l a r g e  p r o p o r t io n
of th e  y -p h o sp h a te  p o s i t i o n s  o f  ATP exchange f o r  th e  r a d i o a c t i v e
p h o sp h a te  a s  e q u i l i b r iu m  i s  e s t a b l i s h e d .
A m ix tu re  (200 y l  v o l )  was p re p a re d  c o n ta in in g  0 .25  M t r i s -
HC1 ( th e  b u f f e r  added was 1 .0  M, pH 7 . 5 ) ,  35 mM M gC^, 2 mM ATP
(added a s  50 mM, pH 7 . 0 ) ,  10 mM g l u t a t h i o n i n e ,  and 2 .5  mM
3 -p h o s p h o g ly c e r ic  a c i d .  An enzyme m ix tu re  (15 y l  v o l )  c o n ta in in g
6 .6  yg g ly c e ra ld e h y d e p h o sp h a te  d eh ydrogenase , and 3 .3  yg phospho-
32g l y c e r a t e  k in a s e  was p re p a re d .  C a r r i e r  f r e e  [ P ] -p h o s p h o r ic  a c id  
(20 mCi i n  50 y l )  was t r a n s f e r r e d  from th e  sh ip p in g  c o n t a i n e r  t o  th e  
r e a c t i o n  tu b e ,  a 15 ml p o ly s ty r e n e  t e s t  tu b e .  F i f t e e n  y l  o f  th e  
c o c k t a i l  were added to  th e  tu b e .  The exchange r e a c t i o n  was i n i t i a t e d  
by th e  a d d i t i o n  o f  3 y l  o f  th e  enzyme m ix tu re .  The r e a c t i o n  was 
a l lo w ed  to  p ro ceed  a t  room te m p e ra tu re  ( u s u a l ly  20 m i n u t e s ) .
32In  o rd e r  to  m o n ito r  th e  e x t e n t  o f  i n c o r p o r a t i o n  o f  [ P] i n t o
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32F ig .  2 . G ly c o ly t i c  r e a c t i o n s  u t i l i z e d  in  p r e p a r a t i o n  o f  y - [  P]-ATP. 
R ea c t io n  A i s  c a ta ly z e d  by p h o sp h o g ly c e ra te  k i n a s e ,  and 
r e a c t i o n  B i s  c a ta ly z e d  by g ly c e ra ld e h y d e  d eh ydrogenase .
As can be seen  from th e  AG° (83) o f  th e  combined r e a c t i o n ,  
e q u i l i b r iu m  s t r o n g l y  f a v o r s  th e  r e v e r s e  r e a c t i o n .
C o n d it io n s  a r e  d e t a i l e d  i n  th e  t e x t  whereby th e  r e a c t i o n  can 
i n i t i a l l y  be fo rc e d  to  th e  r i g h t .  As e q u i l ib r iu m  i s  r e ­
e s t a b l i s h e d  e x c e s s  [3 2 p ] -p h o sp h o r ic  a c id  p r e s e n t  i n  th e  cock­
t a i l  i s  in c o r p o r a te d  i n t o  th e  y -p h o sp h a te  p o s i t i o n  o f  ATP by 
s im p le  exchange.
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ATP, 1 y l  tim e a l i q u o t s  were ta k e n  from th e  r e a c t i o n  tu b e  a t  z e ro
tim e  (b e fo re  a d d i t i o n  o f  enzyme m ix ) ,  2 , 5 , 10 , and 20 m in u tes  a f t e r
a d d i t i o n  o f  enzyme m ix tu re  and p i p e t t e d  i n t o  s e p a r a t e  tu b e s  c o n ta in in g
1 .9  ml o f  a  N o r i te  c h a r c o a l  s o l u t i o n .  The N o r i t e  s o l u t i o n  c o n s i s t e d
o f  10% N o r i t e  A ( a c id  w ashed ) , 25 mM HC1, 0 .5  mM sodium p h o sp h a te ,  and
0 .5  mM sodium p y ro p h o sp h a te .  The N o r i t e  tu b e s  were th e n  v o r te x e d  and
c e n t r i f u g e d  and 1 y l  a l i q u o t s  were ta k e n  from th e  s u p e r n a t a n t ,
a p p l ie d  to  f i l t e r  p a p e r  s q u a r e s ,  and Cherenkov co u n ted .  Because o f
i t s  a ro m a t ic  m o ie ty ,  ATP i s  s t r o n g l y  ab so rb ed  by th e  c h a r c o a l ,  w hereas
f r e e  ph o sp h a te  has  l i t t l e  a b s o r p t io n  ( th e  added c o ld  ph o sp h a te  has  th e
32e f f e c t  o f  swamping o u t  any b in d in g  o f  [ P ) ) .  T h e re fo re ,  as th e
r e a c t i o n  p ro c e e d s ,  th e  co u n ts  in  th e  s u p e r n a ta n t  go from a h ig h  a t  
z e ro  t im e  to  a  low er f i g u r e  a t  e q u i l ib r iu m .  The p e r c e n t  in c o r p o r a t io n  
c an , th u s ,  be c a l c u l a t e d .  T y p ic a l  y i e l d s  ranged from 55-82%. The 
r e a c t i o n  was s to p p ed  by d i l u t i n g  to  0 .5  ml w i th  w a te r .
The r e a c t i o n  m ix tu re  was th e n  loaded  on to  a 4 ml bed volume 
DEAE-Sephadex A25 column p r e v io u s ly  e q u i l i b r a t e d  w i th  0 .05  M TEAB, 
pk 7 .5 .  A 150 ml g r a d ie n t  o f  0 .05  M to  1 .0  M TEAB, pH 7 .5  was a p p l ie d  
t o  th e  column. A f r a c t i o n  c o l l e c t o r  was a d ju s t e d  t o  c o l l e c t  
1 . 5 - 2 .0  m l / tu b e  ( u s u a l l y  3-6  m i n . / t u b e ) .
One y l  a l i q u o t s  were ta k en  from each  tu b e ,  a p p l ie d  t o  f i l t e r  
p a p e r  s q u a r e s ,  and Cherenkov c o u n ted . The r e s u l t s  were p l o t t e d  as 
tu b e  number v s .  cpra. B efo re  th e  ATP tu b e s  were combined, one p i  
a l i q u o t s  from each  were sometimes ta k e n  and s p o t t e d  on a  PEI TLC 
p l a t e  and run  i n  s o lv e n t  (e) to  check  f o r  p u r i t y .  R a d io a c t iv e  s p o ts
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were v i s u a l i z e d  by a u to ra d io g ra p h y .  ATP tu b e  c o n te n t s  were combined, 
t r a n s f e r r e d  to  a  round bo ttom  f l a s k  and r e p e a te d ly  e v a p o ra te d  w i th  th e  
a d d i t i o n  o f  w a te r  a t  35° C i n  a  B uch le r  F la sh  E v a p o ra to r  i n  o rd e r  to  
g e t  r i d  o f  th e  TEAB. T h is  p ro c e s s  was co n tin u ed  u n t i l  TEAB s a l t  was 
no lo n g e r  v i s i b l e  a s  th e  s o l u t i o n  d r i e d .
The s o l u t i o n  was t r a n s f e r r e d  to  a  co .n ica l  c e n t r i f u g e  tu b e ,  
e v a p o ra te d  and r e c o n s t i t u t e d  s e v e r a l  t im es  i n  a  B uch ler  Evapomix 
In s t ru m e n t  a t  35° C, n e u t r a l i z e d  w i th  a  few p i  o f  0 .1  M NaOH, 
b ro u g h t  to  a f i n a l  volume o f  0 .5  o r  1 .0  ml made 30% e th a n o l  and 5 .0  mM 
t r i s  w ith  a  f i n a l  pH o f  ab o u t  7 .0 .
S p e c i f i c  a c t i v i t i e s  v a r i e d  from abou t 0 .6  x 10^ to  1 .2  x 10^ 
cpm/pmole. P u r i t y  checks u s in g  th e  PEI TLC system  d e s c r ib e d  above
were run  to  check f o r  p h o sp h a te  c o n tam in a t io n  o f  th e  ATP s o l u t i o n .
32Y-[ P]-ATP s o l u t i o n  was s t a b l e  f o r  up to  a month a't -20° C 
and lo n g e r  a t  -80°  C.
2. Chemical C leavage o f  th e  P h o s p h o d ie s te r  Bond a t
th e  3*-End o f  m'G
When b a se  c o m p o si t io n  a n a l y s i s  o f  a  tRNA s p e c ie s  i n d i c a t e d  th e  
p re s e n c e  o f  m^G (which when p r e s e n t  a lw ays o c c u p ie s  a  s i n g l e  p o s i t i o n  
i n  loop  I I I  i n  a l l  tRNA's sequenced  to  d a t e ) ,  t h i s  te c h n iq u e  (19 ,25) 
was used  to  c r e a t e  h a l f - m o l e c u le s  which were u s e f u l  f o r  sequence 
d e d u c t io n .
The c o n d i t io n s  d e t a i l e d  below a llo w ed  f o r  th e  s p e c i f i c
7
c le a v a g e  o f  a m G -c o n ta in in g  tRNA a t  th e  3 '  p h o s p h o d ie s te r  bond o f  
t h i s  r e s i d u e .  A lk a l in e  in c u b a t io n  opened th e  m^G im id a z o le  r i n g  and
A3
made th e  r i b o s y l  bond s e n s i t i v e  t o  a c id  h y d r o ly s i s .  Acid a d d i t i o n  
d e p u r in a te d  th e  r e s i d u e .  A n i l in e  in c u b a t io n  c a ta ly z e d  th e  c le a v a g e  
o f  th e  3 '  p h o s p h o d ie s te r  bond by 3 - e l im in a t io n .
B efo re  ch em ica l  c le a v a g e ,  5 .0 - 6 .0  u n i t s  were
-Ad ia ly z e d  a g a i n s t  10 M EDTA to  remove s a l t .  The tRNA was th en  
in c u b a te d  i n  50 mM NaOH (pH 12) i n  a  volume o f  200 p i  f o r  15 m in u tes  
a t  room te m p e ra tu re .  The a d d i t i o n  o f  3 p i  5 N a c e t i c  a c id  b ro u g h t  
th e  pH to  A .5. Two hundred  p i  0 .3  N a n i l in e -H C l  (pH A.5) were th en  
added , and th e  m ix tu r e  was in c u b a te d  f o r  A h o u rs  a t  37° C. R e a c t io n s  
were s to p p ed  by f r e e z i n g  i n  d ry  i c e .  Samples cou ld  a t  t h i s  p o in t  be 
s to r e d  a t  -2 0 °  C.
In  p r e p a r a t i o n  f o r  s e p a r a t i o n  o f c lea v a g e  p ro d u c ts  by p o ly ­
a c ry lam id e  g e l  e l e c t r o p h o r e s i s ,  sam ples were d e s a l t e d  on sm a l l  DEAE- 
c e l l u l o s e  columns. These were p re p a re d  by p ack in g  a c id  washed 
C a r lsb u rg  d i s p o s a b le  p i p e t t e s  (A cm pack in g  l e n g t h ) .  Columns were 
e q u i l i b r a t e d  w i th  50 mM TEAB, pH 7 .5 - 8 .5 .
The sam ples  were d i l u t e d  to  5 ml w i th  w a te r ,  and lo ad ed  on to  
th e  columns a t  a ' f l o w  r a t e  o f  0 .5  m l/m in u te .  The columns were run  
w i th  50 mM TEAB u n t i l  no Cl cou ld  be d e t e c t e d  in  th e  e f f l u e n t  w ith  
10% HNO^/SX AgNO^. Samples were e l u t e d  from th e  column w i th  2 M 
TEAB, pH 7 .5 - 8 .5  a t  a f low  r a t e  o f  0 .1 - 0 .2  m l/m in u te ;  f r a c t i o n s  o f  
ab o u t 0 .8  ml each  were c o l l e c t e d  by hand and re a d  a t  260 nm in  a 
G i l fo r d  s e p c t ro p h o to m e te r .  A p p ro p r ia te  f r a c t i o n s  were combined and 
l y o p h i l i z e d  s e v e r a l  t im e s  t o  remove TEAB. S e p a ra t io n  o f  th e  c le a v a g e  
p ro d u c ts  was by p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s .
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3. S e p a r a t io n  o f  m^G Cleavage P ro d u c ts  by P o ly a c ry la m id e
G el E l e c t r o p h o r e s i s
P o ly a c ry la m id e  g e l  s l a b s ,  15% a c ry la m id e  (95% r e c r y s t a l l i z e d  
a c r y la m id e ,  5% N, N '- m e th y l - b i s - a c r y l a m id e ) , were  p re p a re d  and ru n  a s  
d e s c r ib e d  by Akrod (84) w i th  th e  m o d i f i c a t io n  t h a t  p o ly m e r iz a t io n  was 
i n  th e  p re s e n c e  o f  7 M u re a  which k e p t  d e n a tu re d  sam ples  from 
r e n a t u r i n g  (8 5 ) .  M o b i l i ty  was, t h e r e f o r e ,  a  s t r i c t  f u n c t io n  o f  ch a in  
l e n g t h  r a t h e r  th a n  co n fo rm a tio n .
S tock  s o l u t i o n s  o f  th e  b u f f e r  system  used  in  making th e  s l a b s  
and ru n n in g  th e  e l e c t r o p h o r e s i s  c o n s i s t e d  o f  108 g o f  t r i s ,  0 .3  g 
o f  disodium-EDTA and 55 g o f  b o r i c  a c id  i n  1 .0  l i t e r ,  pH 8 .3  ( a d ju s te d  
w i th  HC1) (8 6 ) .
The 15% g e l  s l a b  was p re p a re d  as  fo l lo w s .  A m ix tu re  was made 
c o n s i s t i n g  o f  35 .7  g u l t r a p u r e  u r e a ,  8 .5  ml b u f f e r ,  pH 8 .3  
(d e s c r ib e d  a b o v e ) ,  1 2 .1  g r e c r y s t a l l i z e d  a c ry la m id e ,  0 .6  g b i s -  
a c ry la m id e  and enough w a te r  to  b r in g  th e  t o t a l  volume to  85 ml. 
E i g h t y - f i v e  y l  o f  N, N, N ' ,  N '- t e t r a m e th y le th y le n e d ia m in e  
( a c c e l e r a t o r )  and 30 y l  50% ammonium p e r s u l f a t e  ( c a t a l y s t )  were added 
t o  t h e  m ix tu r e .  A f t e r  t h r e e  m in u te s ,  th e  m ix tu re  was poured  i n t o  a 
g e l  mold (20 x 20 cm) (84) c o n ta in in g  s l o t  te m p la te s  (1 cm wide e a c h ) . 
Under th e s e  c o n d i t i o n s ,  th e  g e l  s o l i d i f i e d  i n  ab o u t  30 m in u te s .  The 
g e l  was p r e r u n  f o r  30 m in u te s  a t  10 mA, 4° C i n  a t e n - f o l d  d i l u t i o n  
o f  th e  s to c k  b u f f e r  t o  remove i m p u r i t i e s  and p o ly m e r iz a t io n  c a t a l y s t s .
C leavage sam ples  were l y o p h i l i z e d  to  d r y n e s s ,  and 
r e c o n s t i t u t e d  i n  25 y l  o f  lo a d in g  s o l u t i o n  c o n s i s t i n g  o f  7 M u r e a ,
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40% s u c r o s e ,  0.1% bromphenol b l u e ,  and 0.1% x y le n e  cy an o le  FF a l l  In  
a  t e n - f o l d  d i l u t i o n  o f  th e  s to c k  b u f f e r .
Samples were d e n a tu re d  by b o i l i n g  a t  100° C, 1 m in u te ,  and 
q u ic k ly  c h i l l i n g  on d ry  i c e .
For p r e p a r a t i v e  s l o t s ,  12 p i  o f  sample p re p a re d  a s  above
were a p p l i e d .  For a n a l y t i c a l  s l o t s  ( f o r  s t a i n i n g ) ,  1 .0  p i  o f  sample
p lu s  10 p i  o f  lo a d in g  s o l u t i o n  were a p p l i e d .
I n t a c t  tRNA, 0 .1  u n i t  i n  12 p i  lo a d in g  s o l u t i o n ,  were
run  i n  an a d ja c e n t  s l o t  to  s e r v e  a s  a  m arker and to  d e te rm in e  
q u a l i t a t i v e l y  th e  e x t e n t  o f  th e  c le a v a g e  r e a c t i o n .
The g e l  was run  6 h o u rs  a t  380 v (7 .5  mA), th e n  11 h o u rs  a t
500 v (12 mA), o r  u n t i l  th e  bromphenol b lu e  was a t  th e  end o f  th e
g e l .
A n a l y t i c a l  and i n t a c t  tRNA s l o t s  were c u t  away from 
p r e p a r a t i v e  s l o t s ,  f i x e d  in  1 .0  N a c e t i c  a c id  f o r  £ h o u r ,  th en  
s t a i n e d  i n  0.2% t o l u i d i n e  b lu e  i n  15% v / v  a c e t i c  a c id .  D e s ta in in g  of 
e x c e s s  dye was i n  a  c i r c u l a t i n g  b a th  o f  0 .2  N a c e t i c  a c id  f o r  12 h o u rs .
Samples ( 0 .1  A£gQ u n i t  minimum) i n  p r e p a r a t i v e  s l o t s  were 
v i s u a l i z e d  by u l t r a v i o l e t  l i g h t  a f t e r  h a v in g  f i r s t  a l ig n e d  th e  
p r e p a r a t i v e  s l o t s  n e x t  to  th e  a n a l y t i c a l  s l o t s  to  d e te rm in e  th e  
ap p ro x im a te  l o c a t i o n  o f  sample ban d s .
The method o f  e l u t i o n  o f  c le a v a g e  p ro d u c ts  from g e l  p ie c e s  
(87) c o n s i s t e d  o f  g r in d in g  e x c is e d  g e l  in  2 ml o f  0 .3  M NaCl, 30 mM 
sodium c i t r a t e ,  pH 8 .0  i n  a m otor d r iv e n  hom ogenizer w i th  t e f l o n  
p e s t l e  f o r  3 m in u te s  on i c e ,  c e n t r i f u g a t i o n  o f  th e  r e s u l t i n g  su sp e n s io n ,
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and sav in g  o f  th e  s u p e r n a ta n t .  T h is  p ro c e s s  was r e p e a te d  and th e  
two s u p e r n a ta n t s  were po o led .  The s u p e r n a t a n t s  were th e n  d i l u t e d  and 
d e s a l t e d  on s m a l l  D EA E-cellu lose  columns a s  d e s c r ib e d  above.
More r e c e n t l y ,  a  l e s s  t e d io u s  te c h n iq u e  h a s  been  s u g g es te d  f o r  
e l u t i o n  o f  sample from g e l  bands (7 5 ,8 8 )  which c o n s i s t s  o f  e l e c t r o ­
p h o r e s i s  o f  th e  sample d i r e c t l y  from th e  e x c is e d  g e l  band i n t o  a 
d i a l y s i s  bag .
4. P a r t i a l  P a n c r e a t i c  RNase D ig e s t io n  o f  tRNA
T his  te c h n iq u e  (17 ,18) was pe rfo rm ed  to  o b ta in  lo n g  o l i g o ­
n u c l e o t id e  f rag m en ts  whose seq u en c in g  would p ro v id e  v a lu a b le  o v e r la p  
in fo r m a t io n  f o r  o r d e r in g  f ragm en ts  o b ta in e d  by com ple te  d i g e s t i o n s .
One ° f  tRNA was d ig e s t e d  p a r t i a l l y  w i th  50 ng o f  p a n c r e a t i c
RNase a t  0° C f o r  one hour i n  30 mM t r i s ,  pH 8 .0 .  P a n c r e a t i c  RNase 
was then  removed by re p e a te d  e x t r a c t i o n  w i th  p h en o l.  The pheno l 
p hase  was tw ic e  back  e x t r a c t e d  w i th  0 .1  M t r i s ,  pH 8 .0 .  Phenol 
was removed by e x t r a c t i o n  w ith  d i e t h y l  e t h e r  (3 X ). The tRNA was 
p r e c i p i t a t e d  w i th  two volumes o f  a b s o l u t e  e th a n o l  a t  -20°  C.
The p a r t i a l  p a n c r e a t i c  d i g e s t i o n  was r e c o n s t i t u t e d  i n  w a te r .
_3
About 0 .1  d i g e s t i o n  m a t e r i a l  was in c u b a te d  w i th  1 .25  x 10
u n i t s  o f  b a c t e r i a l  a l k a l i n e  p h o sp h a ta se  i n  50 mM t r i s ,  pH 8 .0  f o r  2 
h o u rs  a t  37° C. Two p i  o f  0 .05  M n i t r i l o t r i a c e t i c  a c id  (NTA) were 
added , and th e  s o l u t i o n  was a llow ed  t o  s i t  a t  room te m p e ra tu re  f o r  20 
m in u te s .  The s o l u t i o n  was then  b o i l e d  a t  100° C f o r  n i n e t y  seconds  
t o  i n a c t i v a t e  th e  p h o sp h a ta se .
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O lig o n u c le o t id e s  th u s  g e n e ra te d  were l a b e l l e d  a t  t h e i r  5*-e n d s
32w ith  [ P] (a s  d e s c r ib e d  i n  s e c t i o n  6 ) .  S e p a ra t io n s  o f  th e  5 ' - e n d  
32group [ P ] - l a b e l l e d  o l ig o n u c l e o t id e s  was by th e  tw o -d im en s io n a l  
p o ly a c ry lam id e  g e l  e l e c t r o p h o r e s i s  system  d e s c r ib e d  by W achter and 
F i e r s  (8 9 ) .  T h is  system  u t i l i z e s  a  10% a c ry lam id e  a c id  g e l  (25 mM 
c i t r i c  a c id ,  pH 3 .5 ,  6 M u re a ,  4 mM EDTA) in  th e  f i r s t  d im ens ion , and 
a  20% ac ry lam id e  n e u t r a l  g e l  (40 mM T r i s - c i t r i c  a c i d ,  pH 8 .0 )  in  th e  
second d im ension . Fragm ents were v i s u a l i z e d  by a u to ra d io g ra p h y ,  
e l u t e d  by g r in d in g  e x c is e d  g e l  i n  1 M NaCl, and th en  d e s a l t e d  in  sm a ll  
DEAE c e l l u l o s e  columns a s  d e s c r ib e d  i n  th e  p re v io u s  s e c t i o n .
5. Complete D ig e s t io n  of tRNA by o r  P a n c r e a t i c  RNase
The te c h n iq u e s  d e s c r ib e d  in  t h i s  and th e  fo l lo w in g  s e c t io n  
were o r i g i n a t e d  by S an g e r’ s group (90) and m o d if ied  to  t h e i r  p r e s e n t  
form by Dr. U. L. RajBhandary and co -w orke rs  (2 6 ,7 5 ) .  For T^ RNase 
d i g e s t i o n ,  0 .05  u n i t s  o f  p u r i f i e d  tRNA were in c u b a te d  in  15 p i  o f
a  35 mM T r i s ,  pH 8 .0  s o l u t i o n  c o n ta in in g  0 .625 u n i t s  o f  T^ RNase f o r
_3
3 h o u rs  a t  37° C. At t h i s  t im e ,  2 .5  x 10 u n i t s  o f  b a c t e r i a l  
a l k a l i n e  p h o sp h a ta se  (BAP) were added to  0 .5  p i ,  and th e  d i g e s t  was 
in c u b a te d  f o r  an a d d i t i o n a l  2 h o u rs  a t  37° C. The d i g e s t  was then  
b ro u g h t  to  25° C and 2 p i  o f  0 .0 5  M n i t r i l o t r i a c e t i c  a c id  (NTA), a 
c h e l a t i n g  ag en t  f o r  z in c ,  were added . A f te r  20 m in u te s ,  th e  s o lu t i o n  
was s u b je c te d  to  100° C f o r  n i n e t y  sec o n d s ,  and th e n  r a p i d l y  f ro zen  
i n  c ru sh ed  d ry  i c e .  NTA t r e a tm e n t  was n e c e s s a ry  f o r  i n a c t i v a t i o n  of 
th e  p h o sp h a ta se  b ecau se  th e  apoenzyme form i s  more s u s c e p t i b l e  to  
h e a t  d e n a tu r a t i o n .
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In  th e  c a se  o f  p a n c r e a t i c  RNase d i g e s t i o n  th e  above p ro ced u re  
i s  r e p e a te d  i n  i t s  e n t i r e t y  w i th  0 .2 5  yg o f  p a n c r e a t i c  RNase 
r e p l a c i n g  th e  RNase.
The T^ and p a n c r e a t i c  RNase d i g e s t i o n s  were s t o r e d  a t  -20°  C 
u n t i l  needed .
326. [ P ] - L a b e l l i n g  o f  th e  5 ’ -Ends o f  o r  P a n c r e a t i c  RNase
Generated Oligonucleotide Fragments by Polynucleotide 
Kinase
The 5 ' -e n d s  o f  RNase d i g e s t i o n  f rag m en ts  were l a b e l l e d  w i th
32 32[ P] u s in g  p o ly n u c le o t id e  k in a s e  (68 , 91 ) and y l  P]-ATP.
9 32I n to  a 1 .5  ml Eppendorf tu b e ,  1 x 10 cpm o f  y - [  P]-ATP were 
t r a n s f e r r e d .  To t h i s  was added enough c o ld  ATP to  b r in g  th e  t o t a l  
pmoles o f  ATP to  1700. Equal volume o f  w a te r  was added to  d i l u t e  th e  
e th a n o l  and th u s  p re v e n t  s p l a t t e r i n g  d u r in g  l y o p h i l i z a t i o n .  The 
s o l u t i o n  was f r o z e n  i n  c ru sh ed  d ry  i c e  and ly o p h i l i z e d .
To th e  l y o p h i l i z e d  ATP was added 1 y l  80 mM d i t h i o t h r e i t o l ,
1 y l  0 .1  MgCl^* 5 y l  w a te r ,  2 y l  o f  RNA d i g e s t  (0 .005  A^^q u n i t ) ,  and
0 .5  y l  o f  7 u n i t / y l  p o ly n u c le o t id e  k in a s e .  The m ix tu re  was in c u b a te d
a t  37° C f o r  30 m in u te s .  Then, 2 .5  y l  o f  10 mM g lu c o se  and 1 y l
322 U/ml h ex o k in ase  were added to  d e s t r o y  y - [  P]-ATP (25 , 92 ) .  T h is  
m ix tu re  was in c u b a te d  f o r  a n o th e r  20 m in u te s  a t  37° C w ith  two chases  
o f  1 y l  2 .5  mM ATP a t  f i v e  m inu te  i n t e r v a l s  s t a r t i n g  a f t e r  a d d i t i o n  
o f  g lu c o se  and h e x o k in a se .  The m ix tu re  was th e n  b ro u g h t  to  100° C 
f o r  60 seconds to  d e n a tu r e  enzymes and s t o r e d  a t  -80°  C.
327. Two-Dimensional R e s o lu t io n  o f  5*-End [ P ] -L a b e l le d
Fragments— Fingerprinting
RNase d i g e s t i o n  f rag m e n ts  l a b e l l e d  a t  t h e i r  5 ' -e n d s  w i th
32[ F] a s  d e s c r ib e d  above were s e p a r a te d  i n  a  h ig h  v o l t a g e  tw o- 
d im e n s io n a l  e l e c t r o p h o r e s i s  sy s tem  e s s e n t i a l l y  i d e n t i c a l  to  t h a t  
in t r o d u c e d  by Sanger et at. (73) w i th  m inor m o d i f i c a t io n s  in t ro d u c e d  
by R a jB h an d ary 's  group (7 3 ,7 5 ) .  For a n a l y t i c a l  s c a l e  r u n s ,  1 p i  o f  
l a b e l l e d  m a t e r i a l  was used d i r e c t l y .  For l a r g e r  s c a l e  p r e p a r a t i v e  
ru n s  th e  e n t i r e  l a b e l l i n g  r e a c t i o n  m ix tu re  was l y o p h i l i z e d  t o  d ry n e ss  
and r e c o n s t i t u t e d  in  1 .5  p i  w a te r .
The f i r s t  d im ension  was ru n  on a  c e l l u l o s e  a c e t a t e  s t r i p  
(3 x 57 cm) p r e v io u s ly  soaked  i n  a 2 mM EDTA, 7 M u r e a ,  5% 
p y r id in iu m  a c e t a t e ,  pH 3 .5  b u f f e r .  The sample was run  i n  a p r e ­
h e a te d  (30-35° C) ta n k  from 5 to  23 cm on th e  s t r i p  a t  5 ,000  v o l t s  
(ab o u t one h o u r ) , a s  m easured by th e  p ro g r e s s  o f  th e  b lu e  component 
o f  x y le n e  cyano l t r a c k i n g  dye s p o t t e d  a d ja c e n t  to  th e  sam ple.
The second d im ension  was ru n  on a  s h e e t  o f  D EA E -cellu lose  
(DE-81) p ap e r  (46 x 57 cm) s a t u r a t e d  w i th  7% fo rm ic  a c id  a t  120 mA 
from 6 to  26 cm a l s o  m easured by fo l lo w in g  th e  b lu e  dye (12-14 h o u r s ) . 
(The pH o f  7% fo rm ic  a c id  i n  th e  ta n k  was 1 . 9 . )
The t r a n s f e r  o f  sam ple from th e  f i r s t  t o  th e  second 
d im ension  was accom plished  by l a y i n g  th e  c e l l u l o s e  a c e t a t e  s t r i p  
f a c e  down f lu s h  w i th  a w id th -w is e  l i n e  6 cm from one end o f  th e  DEAE- 
81 s h e e t  which i n  t u r n  s a t  on a s t a c k  o f  4 Whatman 3-MM s t r i p s  
(2 2 .5  x 2 .5  i n . )  c e n te re d  a b o u t  th e  6 cm l i n e .  A nother s t a c k  o f
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4 Whatman 3-MM s t r i p s  (2 2 .5  x 1 .7 5  i n . )  p r e v io u s ly  w a te r  s a t u r a t e d  
was l a i d  on to p  o f  th e  c e l l u l o s e  a c e t a t e  s t r i p .  A g l a s s  s h e e t  was 
p la c e d  on th e  e n t i r e  a ssem bly , and p r e s s u r e  was a p p l ie d  by hand.
The glass was periodically lifted, more water applied to the top 
stack of strips, the glass lowered and pressure reapplied.
The DEAE s h e e t  was th e n  a l ig n e d  on a r a c k  and th e  t r a n s f e r  
r e g io n  was washed w i th  a  g e n t l e  s t re a m  o f  a b s o lu t e  e th a n o l  to  f l u s h  
away u r e a ,  and a l lo w ed  t o  d ry .
S a t u r a t i o n  o f  th e  DEAE s h e e t  w i th  7% fo rm ic  a c id  was 
accom plished  by p l a c i n g  a p l e x i g l a s s  rod  under th e  s h e e t  a lo n g  th e  
t r a n s f e r  l i n e  and two more ro d s  o v e r  th e  s h e e t  on e i t h e r  s i d e  o f  th e  
t r a n s f e r  l i n e ,  and g e n t ly  s p ra y in g  th e  s h e e t  w i th  7% fo rm ic  a c id  on 
th e  o u t e r  s i d e s  o f  th e  two top  ro d s .  T h is  was c o n t in u e d  u n t i l  th e  
sample t r a n s f e r  l i n e  was s a t u r a t e d  w i th  b u f f e r .  D i r e c t  s p ra y in g  of 
b u f f e r  on to  th e  sam ple a r e a  would smear th e  sam ple. The p a p e r  was th en  
a l ig n e d  on th e  r a c k  and th e  r e s t  i s  sp ray ed  w i th  7% fo rm ic  a c id .
When b e t t e r  r e s o lu tu o n  was d e s i r e d ,  c e l l o g e l  s t r i p s  were 
s u b s t i t u t e d  f o r  c e l l u l o s e  a c e t a t e  s t r i p s .  These have a  h ig h e r  
c a p a c i ty  f o r  sample and have been  recommended f o r  sam ples c o n ta in in g  
more th a n  0 .2  M s a l t  a n d /o r  more th a n  0 .2  uni t s  of RNA (7 3 ) .
A l t e r n a t i v e l y ,  a  t h i n  l a y e r  system  s u b s t i t u t e d  f o r  th e  DEAE 
p ap e r  i n  th e  second d im ension  was sometimes used  to  i n c r e a s e  
r e s o l u t i o n .  In  t h i s  c a s e  th e  f i r s t  d im ension  was t r a n s f e r r e d  to  a 
p o ly e th y le n e im in e  c e l l u l o s e  p l a t e  which was ru n  i n  2 M p y r id in iu m  
fo rm a te ,  pH 3 .4  a s  d e s c r ib e d  ( 9 3 ) .  Whatman 3-MM p a p e r  was clamped
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to  t h e  to p  o f  t h e  TLC p l a t e  t o  s e r v e  a s  a  w ick . Xylene c y an o l  
t r a c k i n g  dye was a llo w ed  to  t r a v e l  12 cm from th e  o r i g i n .
Both th e  above p ro c e d u re s  produced  more compact s p o t s , and 
were employed f o r  s e p a r a t i n g  frag m en ts  which o th e rw is e  o n ly  p a r t i a l l y  
r e s o lv e d  o r  s t r e a k e d .  The l a t t e r  p ro ce d u re  had th e  added advan tage  
o f  speed  (ab o u t 6 h o u r s ) .  These te c h n iq u e s  cou ld  be combined, 
c e l l o g e l  i n  th e  f i r s t  d im ens ion , PEI TLC i n  th e  second .
Fragm ents w ere  v i s u a l i z e d  by a u to ra d io g ra p h y ,  c u t  o u t  o r  
s c r a p e d ,  and q u a n t i t a t e d  by Cherenkov c o u n t in g .
Fragm ents were e l u t e d  from DEAE p a p e r  a c c o rd in g  to  B a r r e n ' s  
p ro c e d u re  (24) u s in g  2 M TEAB d i r e c t l y  i n t o  1 .5  ml Eppendorf tu b e s .
Fragm ents  were s c rap e d  from PEI TLC p l a t e s ,  s u c t io n e d  i n t o  
Eppendorf p i p e t t e  t i p s  p lugged  w i th  g l a s s  w ool, and a llo w ed  to  s i t  
i n  10 y l  2 M TEAB f o r  4 h o u rs  a t  4° C. A nother 10 y l  TEAB were then  
added , and th e  e l u a t e  was c e n t r i f u g e d  i n t o  Eppendorf tu b e s  from th e  
t i p s .  Recovery was g r e a t e r  th a n  95%.
Crude y e a s t  c a r r i e r  RNA (0 .5  u n i t )  was added to  each
fragm en t t o  m in im ize  th e  l o s s  o f  r a d i o a c t i v e  sample by a b s o r p t io n  to  
t h e  s i d e s  o f  th e  t u b e s ,  and , a l s o  to  slow down th e  p a r t i a l  d i g e s t i o n s  
d e s c r ib e d  i n  a n o th e r  s e c t i o n .
TEAB was removed by r e p e a te d  l y o p h i l i z a t i o n .  E lu te d  
f rag m e n ts  were s t o r e d  a t  -2 0 °  C a t  an i n i t i a l  c o n c e n t r a t i o n  o f
5 ,000  cp m /y l ,  i f  f e a s i b l e .
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328. 5 '-E nd  Group D e te rm in a t io n  o f  [ P ] - L a b e l le d  Fragm ents
D ig e s t io n  o f  f rag m en ts  to  th e  m on o n u c leo tid e  l e v e l  u t i l i z i n g
T2  RNase, snake venom p h o s p h o d ie s te ra se  (SVP), o r  n u c le a s e  
(2 6 ,7 3 ,  94 ) fo l lo w e d  by t h i n  l a y e r  chrom atography w ere  u t i l i z e d  in  
i d e n t i f y i n g  th e  r a d i o a c t i v e l y  l a b e l l e d  5 '  ends .
32For T2  RNase d i g e s t i o n s ,  5,000-10-,000 cpm o f  each  [ P ] -
l a b e l l e d  fragm ent were in c u b a te d  w i th  0 .5  u n i t  o f  RNase i n  30 mM 
ammonium a c e t a t e ,  pH 4 .6  f o r  two h o u rs  a t  37° C. The d i g e s t  was then  
l y o p h i l i z e d  t o  d ry n e s s  and r e c o n s t i t u t e d  i n  a  2 y l  uv m arker s o l u t i o n  
c o n ta in in g  0 ,1  A260 u n i t  each  of pAp, pUp, and pCp. Two c e l l u l o s e  
TLC p l a t e s  were th e n  s p o t t e d  w i th  1 y l  o f  each  f rag m e n t .  One p l a t e
was run  w i th  s o lv e n t  system  ( a ) . The o th e r  p l a t e  was run  w ith
s o lv e n t  system  ( f ) .  P l a t e s  were run  u n t i l  th e  s o lv e n t  f r o n t  reach ed  
1 cm.from th e  top  o f  each  p l a t e  ( u s u a l ly  6-7 h o u rs  f o r  e i t h e r  sy s tem ).  
The p l a t e s  were a i r  d r i e d  and th e  s ta n d a rd  m ark e rs  were lo c a t e d  under 
uv l i g h t  and c i r c l e d .  R a d io a c t iv e  s p o ts  were lo c a t e d  by a u to r a d io ­
g raphy .
For th e  snake  venom p h o s p h o d ie s te ra s e  d i g e s t i o n ,  5 , GOO- 
3210,000 cpm of each  [ P ] - l a b e l l e d  fragm ent were in c u b a te d  w i th  2 yg 
SVP/0.1 u n i t  y e a s t  c a r r i e r  RNA i n  a  50 mM t r i s - H C l ,  5 mM
p o ta ss iu m  p h o s p h a te ,  pH 8 .9  b u f f e r  a t  37° C f o r  2 h o u r s .  The d i g e s t s
were th en  l y o p h i l i z e d  to  d ry n e s s  and r e c o n s t i t u t e d  i n  a 2 y l  uv 
m arker s o l u t i o n  c o n ta i n in g  0 .1  A2^q u n i t  each  o f  pA, pU, pC, and pG. 
The SVP d i g e s t s  were th en  ana lyzed  in  th e  same c h ro m a to g rap h ic  system s
d e s c r ib e d  above f o r  th e  T2  RNase d i g e s t s .
53
For P^ n u c le a s e  d i g e s t i o n s ,  which c r e a t e  5 '-m o n o n u c leo t id e
32end groups I d e n t i c a l  t o  SVP d i g e s t i o n s ,  5 ,0 0 0 -1 0 ,0 0 0  cmp of [ P ] -
l a b e l l e d  fragm ent were In cu b a ted  w i th  0 .0 2  yg P^ n u c le a s e /A 2 gQ u n i t  
o f  y e a s t  c a r r i e r  RNA In  a 50 mM ammonium a c e t a t e ,  pH 5 .3  b u f f e r  a t  
37° C f o r  2 h o u rs .  These d i g e s t s  were co-chrom atographed  w ith  th e  same 
m arker system  d e s c r ib e d  f o r  SVP d i g e s t s  above.
A ssignm ents o f  5 ' - e n d s  were made by comparing th e  r e s u l t s  w ith  
s ta n d a rd  maps (se e  R e s u l t s ) . O c c a s io n a l ly ,  to  o b ta in  b e t t e r  
r e s o l u t i o n ,  d i g e s t s  r e c o n s t i t u t e d  i n  m arker s o l u t i o n  were s u b je c te d  to  
tw o -d im en s io n a l  TLC u t i l i z i n g  th e  same two s o lv e n t  system s mentioned 
above w i th  th e  i s o b u t y r i c  system  i n  th e  f i r s t  d im ension  and th e  
ammonium s u l f a t e  system  i n  th e  second .
329. P a r t i a l  D ig e s t io n  o f  5 '-E nd  [ P ] -L a b e l le d  Fragments 
w ith  Snake Venom P h o s p h o d ie s te ra s e  o r  P^ N uclease
R eac tio n  c o n d i t io n s  d e s c r ib e d  above f o r  com plete  d ig e s t io n s  
w i th  SVP o r P^ n u c le a s e  were m o d if ied  by u s in g  l e s s  enzyme and by 
ru n n in g  th e  r e a c t i o n s  a t  room te m p e ra tu re  i n  o r d e r  t o  slow th e  
r e a c t i o n s  down so t h a t  t im e  a l i q u o t s  cou ld  be ta k e n  among which a l l  
s u c c e s s iv e  s t a g e s  o f  d i g e s t i o n  were c o n ta in e d .
For p a r t i a l  SVP d i g e s t i o n s ,  l a b e l l e d  o l ig o n u c le o t id e  
s o l u t i o n s  were made 50 mM t r i s - H C l ,  5 mM p o ta ss iu m  p h o sp h a te ,  pH 8 .9 ,  
and 1 .0  yg SVP/0.1 “H it  y e a s t  c a r r i e r  RNA was added.
A minimum o f  5 ,000  Cherenkov cpm /tim e a l i q u o t  were d e s i r e d  
f o r  a n a l y s i s .  T y p i c a l ly ,  10 tim e  a l i q u o t s  were ta k e n  from 0 (b e fo re  
SVP a d d i t i o n )  to  160 m in u te s .  T h e r e f o r e ,  a minimum o f  50 ,000
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Cherenkov cpm t o t a l  were d e s i r a b l e  f o r  each  p a r t i a l  d i g e s t .  I d e a l l y ,  
1 0 0 ,000 -200 ,000  Cherenkov cpm o f l a b e l l e d  fragm ent were d ig e s t e d  In  
a  t o t a l  volume o f  50 y l  f o r  160 m in u tes  w ith  5 y l  a l i q u o t s  ta k e n  a t  
0 ,  1 , 2 , 5 , 10, 20 , 40, 60 , 80, and 160 m in u te s .  I f  l e s s  th a n  50 ,000 
cpm were a v a i l a b l e  f o r  a  p a r t i c u l a r  f rag m en t,  th e  t o t a l  volume was 
reduced  a p p r o p r i a t e l y  and few er a l i q u o t s  were tak en  ( t im e  i n t e r v a l s  
were chosen d u r in g  w hich a l l  d i g e s t i o n  p ro d u c ts  were guessed  to  be 
p r e s e n t ) .  I f  th e  t o t a l  c o u n ts  were so low t h a t  5 ,000  cpm/chosen 
a l i q u o t  were n o t  a v a i l a b l e ,  a u to ra d io g ra p h y  o f  th e  D EA E-cellu lose  
TLC p l a t e s  used f o r  th e  a n a l y s i s  o f  p a r t i a l  d i g e s t s  (d e s c r ib e d  below) 
was made more s e n s i t i v e  by p o u r in g  a  s o l u t i o n  o f  7% 2 ,5  d ip h e n y l -  
o x a zo le  (PPO) i n  d i e t h y l  e t h e r  ov e r  th e  p l a t e s  b e fo re  ex p o sin g  th e  
f i l m s .  U sing t h i s  te c h n iq u e  we were a b le  t o  sequence  a fragm ent 
(s e e  pg. 156) w i th  l e s s  th a n  5 ,000  cpm t o t a l .
As a l i q u o t s  were t a k e n ,  th e y  were added to  i n d i v i d u a l  
Eppendorf tu b e s  c o n ta i n in g  1 y l  0 .0 1  M EDTA, b o i l e d  a t  100°C f o r  
2 m in u te s  ( t o  i n a c t i v a t e  SVP), and f r o z e n  i n  c ru shed  dry  i c e .
For p a r t i a l  P^ n u c le a s e  d i g e s t i o n ,  l a b e l l e d  o l i g o n u c le o t id e  
s o l u t i o n s  were made 50 mM ammonium a c e t a t e ,  pH 5 .3 ,  and 0 .0 1  yg P^ 
n u c le a s e /A 2 gQ u n i t  o f  y e a s t  c a r r i e r  RNA was added.
P^ n u c le a s e  f u n c t io n s  as  a  random en d o n u c le a se ;  th e  whole 
ran g e  o f  d i g e s t i o n  p r o d u c t s  was u s u a l l y  a v a i l a b l e  w i th in  m in u te s  o f  
enzyme a d d i t i o n .  T y p i c a l ly ,  5 y l  a l i q u o t s  were ta k en  a t  0 ,  2 , 5 ,  10, 
and 20 m in u te s .  The i n c u b a t io n  m ix tu re  u s u a l l y  had a  t o t a l  volume o f 
25 y l  and c o n ta in e d  30 ,000  Cherenkov cpm and up o f  l a b e l l e d  f rag m e n t .
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Time a l i q u o t s  were t r a n s f e r r e d  to  i n d i v i d u a l  Eppendorf tu b e s  
c o n ta in in g  1 p i  0 .0 1  M EDTA, b o i l e d  a t  100° C f o r  4 m in u te s ,  and 
f r o z e n  i n  d ry  i c e .
Both SVP and d i g e s t s  w ere  s t o r e d  a t  -20°  C u n t i l  a n a l y s i s .
3210. Sequence A n a ly s is  o f  5*-End [ P i - L a b e l le d  P a r t i a l  D ig e s t s  
Two te c h n iq u e s  were a b a i l a b l e  f o r  th e  sequence  a n a l y s i s  o f
32[ P ] - l a b e l l e d  p a r t i a l  d i g e s t i o n  p r o d u c ts .  G e n e ra l ly ,  f r a g m e n ts  were 
an a ly zed  b o th  ways.
i .  O ne-D im ensional High V o ltag e  E le c t r o p h o r e s i s
T h is  te c h n iq u e  was ru n  a s  d e s c r ib e d  by B a r r e l l  (24) on 
D E A E -ce llu lose  (DE-81) p a p e r  i n  e i t h e r  th e  5% p y r id in iu m  a c e t a t e ,  
pH 3 .5  ta n k  o r  th e  7% fo rm ic  a c i d ,  pH 1 .9  tan k  depending  on th e  
r e s o l u t i o n  re q u i re m e n ts  o f  th e  p a r t i c u l a r  f ragm en t.  D EA E -cellu lose  
has  th e  e f f e c t  o f  b in d in g  SVP to  i t s  m a t r ix ,  and th u s ,  e f f e c t i v e l y  
im m o b il ize s  t h i s  enzyme. T h e r e f o r e ,  i t  was n o t  n e c e s s a r y  t o  b o i l  
t im e  a l i q u o t s  to  i n a c t i v a t e  th e  enzyme. Time a l i q u o t s  were s p o t t e d  
d i r e c t l y  on to  th e  p a p e r  as  th e y  w ere ta k e n .  Samples w ere s p o t t e d  
a lo n g  th e  6 cm l i n e  a lo n g  w i th  x y le n e  cyano l t r a c k in g  dye , and 5 ' -end  
uv m arkers  (pA, pU, pC, and pG, 1 . 0 - 2 .0  ^S0  u n i t s  o f  m i x t u r e / s p o t ) . 
P aper  was w e t te d  w i th  a p p r o p r i a t e  b u f f e r  s o l u t i o n  f o r  e l e c t r o p h o r e s i s  
a s  d e s c r ib e d  above f o r . f i n g e r p r i n t i n g .  E l e c t r o p h o r e s i s  was ru n  a t  
100 mA u n t i l  t h e  b lu e  dye rea ch e d  1 .5  in c h e s  b e fo re  m id p o in t  o f  th e  
s h e e t  (10-15  h o u r s ) .  The s h e e t  was d r i e d  in  th e  hood; p a t t e r n s  were 
v i s u a l i z e d  by a u to ra d io g ra p h y .
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O fte n ,  p a r t i a l  d i g e s t i o n s  o f  f rag m en ts  o f  s i m i l a r  e s t a b l i s h e d  
sequence  were ru n  a lo n g s id e  f o r  com parison .
Sequence a ss ig n m e n ts  were made on th e  b a s i s  o f  c h a r a c t e r i s t i c  
M v a lu e s  d e s c r ib e d  i n  R e s u l t s .
i i .  Two-Dimensional Homochromatography
T h is  t e c h n iq u e ,  o r i g i n a l l y  in t r o d u c e d  by Sanger et at. (95) 
f o r  DNA seq u e n c in g ,  was m o d if ied  f o r  RNA seq u en c in g  by RajBhandary 
and cow orkers  (7 3 ,7 5 ) .
B efo re  a c t u a l  sequence  a n a l y s i s ,  t h e  e x t e n t  o f  d i g e s t i o n  was 
t e s t e d  by o n e -d im e n s io n a l  homochromatography (76) o f  1 .0  y l  sam ples o f  
each  tim e  a l i q u o t  fo l lo w e d  by a u to ra d io g ra p h y .  The a p p r o p r i a t e  tim e 
a l i q u o t s  as  w e l l  a s  q u a n t i t i e s  needed cou ld  th e n  be chosen  to  be 
p oo led  f o r  tw o -d im en s io n a l  homochromatography so  t h a t  a p p ro x im a te ly  
e q u a l  amounts o f  each  d i g e s t i o n  in t e r m e d ia t e  co u ld  be d i s p la y e d .
T h is  p ro c e d u re  was som etim es o m it te d  when th e  t o t a l  Cherenkov cpm of 
a p a r t i c u l a r  fragm ent were low (se e  p r e v io u s  s e c t i o n ) .
In  p r e p a r a t i o n  f o r  tw o -d im en s io n a l  homochrom atography, poo led  
t im e  a l i q u o t s  were l y o p h i l i z e d  to  d r y n e s s ,  and r e c o n s t i t u t e d  in  
1 .5  y l  w a te r .
C o n d it io n s  f o r  th e  f i r s t  d im ension  were e s s e n t i a l l y  i d e n t i c a l  
to  th o s e  d e s c r ib e d  f o r  f i n g e r p r i n t i n g ,  e x c e p t  t h a t  sam ple was 
a p p l ie d  i n  5 o r  6 s m a l l  s p o t s  a c r o s s  th e  w id th  a t  15 cm on th e  
c e l l u l o s e  a c e t a t e  s t r i p  i n s t e a d  o f  a s i n g l e  s p o t  to  a v o id  s t r e a k i n g  
due t o  s a l t ,  and t h a t  th e  sample was run  from 15 to  25 cm as
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measured by th e  b lu e  component o f  t h e  x y le n e  cy an o l t r a c k i n g  dye .
T h is  p ro c e s s  to o k  ab o u t 30 m in u te s .
The second d im ension  was ru n  on D EA E -cellu lose  TLC p l a t e s  by 
homochromatography a s  d e s c r ib e d  above. R eg u la r  s i z e  D EA E-cellu lose  
p l a t e s  (20 x 20 cm) were found to  be s u i t a b l e  f o r  f rag m en ts  up to  
12 n u c l e o t i d e s  lo n g .  Longer f rag m en ts  were an a ly zed  on lo n g  DEAE- 
c e l l u l o s e  p l a t e s  (20 x 40 cm).
The t r a n s f e r  o f  sam ple from f i r s t  t o  second d im ension  was 
done as  f o l lo w s .  The c e l l u l o s e  a c e t a t e  s t r i p  was l a i d  le n g th w is e  
d i r e c t l y  over a 1 ml p i p e t t e  tap ed  t o  th e  bench . T h is  had th e  e f f e c t  
o f  e l e v a t i n g  th e  m id l in e  o f  th e  s t r i p .  In  o r d e r  to  wash th e  sample 
(which a f t e r  e l e c t r o p h o r e s i s  i s  p r e s e n t  i n  a b road  b e l t  a lo n g  th e  
s t r i p )  on to  th e  m id l in e  o f  th e  s t r i p ,  a  s t a c k  o f t h r e e  Whatman 3-MM 
s t r i p s  (23 x 4 .5  cm), p r e v io u s ly  w a te r  s a t u r a t e d ,  was l a i d  a lo n g  and 
s l i g h t l y  over e i t h e r  ( le n g th w is e )  edge . Water was g e n t ly  sp ray ed  on to  
th e  Whatman 3-MM s t a c k s  a lo n g  th e  edges  n o t  to u c h in g  th e  c e l l u l o s e  
a c e t a t e  s t r i p .  The TLC p l a t e  was th e n  p la c e d  f a c e  down o n to  th e  
p i p e t t e - c e l l u l o s e  a c e t a t e  s t r i p  assem blage  w i th  th e  m id l in e  o f  th e  
s t r i p  in  c o n ta c t  w i th  a w id th -w is e  l i n e  on th e  p l a t e  2 cm from one 
end. The p l a t e  was su p p o r te d  a t  th e  o th e r  end by a n o th e r  p i p e t t e .  A 
w e ig h t  was p u t  on to  th e  p l a t e .  T h is  assem blage  was a llow ed  to  s i t  f o r  
abou t 30 m in u te s .  A f t e r  d r y in g ,  th e  p l a t e  was read y  f o r  homo­
chrom atography .
I n t e r p r e t a t i o n  o f  tw o -d im en s io n a l  homochromatography p a t t e r n s  
i s  d is c u s s e d  i n  R e s u l t s .
RESULTS
I .  Base C om position  A n a ly s is  o f  Euglena gracilis C y top lasm ic  tRNAp^e 
by Chemical T r i t iu m  L a b e l l in g
Hecker and co -w orkers  (69) compared b a se  c o m p o s i t io n s  o f  
c h l o r o p l a s t  and c y to p la sm ic  tRNAp^ e , s  from Euglena gracilis. The 
co m p o s i t io n s  were d e te rm in ed  a f t e r  h y d r o ly s i s  to  f r e e  n u c le o s id e s  
u t i l i z i n g  p h o sp h a ta se  t r e a tm e n t  o f  a l k a l i n e  h y d r o ly s a te s  o r  combined 
a c t i o n  o f  T^ RNase fo l lo w ed  by snake  venom p h o s p h o d ie s te ra se  and 
p h o s p h a ta s e .  The n u c le o s id e s  were r e s o lv e d  on a u n i f o r m - p a r t i c l e - s i z e -  
c a t io n -e x c h a n g e  r e s i n  (96  ) a t  pH 4 .6 .  N u c leo s id e s  were i d e n t i f i e d  by 
t h e i r  s p e c t r a l  r a t i o s  a s  w e l l  as  p o s i t i o n s  o f  e l u t i o n  (9 7 ) .
T h e i r  r e s u l t s  ( s e e  T ab le  1) were u t i l i z e d  as  a  gu ide  i n  th e  
sequence  a n a l y s i s  o f  t h e s e  tRNA*s. Once a t e n t a t i v e  sequence  o f  
Euglena c y to p la sm ic  tRNAP^ 8 had been a s s ig n e d ,  i t  was d ec id ed  f o r  
s e v e r a l  r e a s o n s  t o  re -ex am in e  i t s  b a se  com p o si t io n  u t i l i z i n g  a 
d i f f e r e n t  t e c h n iq u e .  The number o f  guanosine  and c y t i d i n e  r e s i d u e s  in  
H eck e r’ s d e te r m in a t io n  v a r i e d  s l i g h t l y  from what we ex p ec te d  ( s e e  T ab le
1) from o u r  sequence  a ss ig n m e n t .  A lso , d ih y d r o u r id in e  could  n o t  be 
i d e n t i f i e d  by th e  s p e c t ro p h o to m e t r ic  a s s a y .  F u r th e rm o re ,  we were 
i n t e r e s t e d  i n  com paring H e c k e r 's  r e s u l t s  w ith  th o se  o b ta in e d  u t i l i z i n g  
d i f f e r e n t  e x p e r im e n ta l  c o n d i t i o n s .
We chose  R a n d e r a th 's  t r i t i u m  d e r i v a t i z a t i o n  te c h n iq u e  (3 1 ,7 7 )  
as  o u r  method o f  b a se  c o m p o si t io n  a n a l y s i s .  T h is  te c h n iq u e  has  th e
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T ab le  1. Comparison o f th e  N u c leo s id e  C om positions  o f  tRNA^ e , s  
from th e  C h lo ro p la s ts  and Cytoplasm  o f  Euglena gracilis 
D eterm ined S te c t r o p h o to m e t r i c a l l y  by H ecker (69) and 
N u c leo s id e  Com position Expected  f o r  C y top lasm ic  tBNA^ e 
from Sequence Assignment
N u c leo s id e tRNAS eck er ‘ K e e k e r tRNACyt , ex p ec ted
A 19 16 16
U 13 8 8
C 18 18 17
G 21 21 19
1. m A 0 1 .1 1
IP 1 .3 5 5
T 1 .1 1 1
Da - - 2
nf*C 0 1 1
m2G 0 0 1
m2G 0 1 .2 1
m^ G 0 .5 0 .3 1
Y 0 1 1
7 6
ms 1 A 1 0 0
G 0 .9 0 .9 1m
C 0 2 1m
A 0 0 .9 0m
X 0 .1 0 0
D ih y d ro u r id in e  canno t be d e te rm in e d  s p e c t r o p h o to m e t r i c a l l y
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ad v an tag es  o f  g r e a t  s e n s i t i v i t y  (a s  l i t t l e  a s  1 .0  yg o f  p o ly r i b o ­
n u c le o t id e  r e q u i r e d ) ,  h ig h - r e s o lv in g  power o f  n u c le o s id e  d e r i v a t i v e s ,  
and th e  a c c u r a t e  and p r e c i s e  q u a n t i t a t i o n  a f f o r d e d  by r a d i o a c t i v e  
l a b e l l i n g .
The technique consists of the following steps:
1. en zy m atic  d i g e s t i o n  o f  th e  r ib o p o ly n u c le o t id e  to  a 
m ix tu re  o f  n u c le o s id e s
2. o x id a t io n  o f  th e  n u c le o s id e  m ix tu re  w i th  p e r io d a te  
to  n u c le o s id e  d ia ld e h y d e s
3. r e d u c t io n  w i th  t r i t i a t e d  b o ro h y d r id e  t o  l a b e l l e d  
n u c le o s id e  t r i a l c o h o l s
4. tw o -d im en s io n a l  c e l l u l o s e  t h i n - l a y e r  chrom atography
5. v i s u a l i z a t i o n  o f  t r i t i u m  l a b e l l e d  n u c le o s id e  
d e r i v a t i v e s  by f lu o ro g ra p h y
6. e l u t i o n  o f  l a b e l l e d  n u c le o s id e  d e r i v a t i v e s  and 
q u a n t i t a t i o n  by l i q u i d  s c i n t i l l a t i o n  co u n t in g
F ig .  3 i s  a  sch e m a tic  r e p r e s e n t a t i o n  o f  th e s e  s t e p s  showing
3
the structures of the nucleoside dialdehydes and the [ H]-labelled 
trialcohols.
The e x p e r im e n ta l  d e t a i l s  o f  R a n d e r a th 's  t r i t i u m  d e r i v a t i v e  
b a se  co m p o si t io n  t e c h n iq u e ,  a s  w e l l  a s  some m inor m o d i f i c a t io n s  we 
added , have been  d e s c r ib e d  i n  M a te r i a l s  and Methods.
F ig .  4 shows f lu o r o g r a p h s  o f tR N A ^e b ase  co m p o si t io n  a n a ly s e s  
from a) Euglena gracilis c y to p la sm , b) b e e f  l i v e r ,  and c) b lu e -g re e n  
a lg a e .  These w ere  o b ta in e d  a s  d e s c r ib e d  i n  M a te r i a l s  and Methods, and 
th e  compounds were q u a l i t a t i v e l y  i d e n t i f i e d  by comparing t h e i r  
p o s i t i o n s  on th e  f lu o r o g r a p h s  to  a  s ta n d a rd  map (8 1 ) .  The a p o s t ro p h e
F ig .  3. Schem atic  r e p r e s e n t a t i o n  o f  R a n d e ra th 's  (31) t r i t i u m
d e r i v a t i z a t i o n  te c h n iq u e  f o r  b a se  com position  a n a l y s i s .
Ribopolynucleotide
H O C y  B o i.
w
OH OH
HOCH, n  Bom
m u
O 0
H O C H t^Bf1*® 
TJI V
H'9 i H 
OH OH
1) T2 -RN om  
37*C, 2  hours
2) RibonucltaM A
Snoks Venom Phosphodiesterase 
Akalins PhosphataM 
pH 8.0 , 37*0, 12 hours
Nucleosides
NoI0 4 .
pH 6 , 22*C, 2 hours
Nucleoside Dialdehydes
[3h] - k bh4
pH 7 -8 ,  22*C, 2 hours
[3h] -  labelled Trialcohols
Two-Dimensional Thin Layer 
Chromatography,
Elution, and Scintillation Counting
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F ig .  4 . F lu o ro g ra p h s  o f  b a se  co m p o si t io n  a n a ly s e s  by R a n d e ra th 's  (31) 
t r i t i u m  d e r i v a t i z a t i o n  te c h n iq u e  o f  th e  tRNAP^es from (a) 
Eugtena gracilis c y to p la sm , (b) b e e f  l i v e r ,  and (b) b lu e -  





sym bol, r e f e r s  t o  th e  t r i t i a t e d  n u c le o s id e  d e r i v a t i v e s  o f  th e
i n d i c a t e d  compounds. tjM) i s  a  deco m p o sit io n  compound r e l a t e d  t o  i|>’ 
(8 1 ) .  When com puting th e  moles o f  \J>, th e  cpm o f  iJj' -D  and ip* a r e  
combined.
Beef l i v e r  tRNA was an a ly zed  t o  s e rv e  a s  a  com parison  w i th
_
Euglena c y t .  tRNA b eca u se  o f  i t s  s i m i l a r  sequence  ( s e e  F ig .  3 8 ) .
C o n v e rse ly ,  b lu e - g r e e n  a lg a e  tR N A ^e , a  t y p i c a l  p r o k a r y o t i c  tRNA
2 2 1 l a c k i n g  th e  m o d if ied  b a s e s  m^G, m G, Y, and m A, d i f f e r s  c o n s id e r a b ly
from th e s e  e u k a r y o t i c  tRNA's.
T ab le  2 c o n ta i n s  th e  n u c le o s id e  co m p o s i t io n s  which were 
c a l c u l a t e d  u s in g  th e  r a d i o a c t i v i t i e s  o f  th e  compounds e x t r a c t e d  from 
th e s e  t h i n  l a y e r  c e l l u l o s e  chromatograms compared w i th  th e  b a se  
c o m p o s i t io n s  e x p e c te d  from sequence  a n a ly s e s .  Low y i e l d s  o f  d ih y d ro ­
u r i d i n e  i n  th e  Euglena and b e e f  l i v e r  a n a ly s e s  were p ro b a b ly  due to  
o v e rd o s in g  c o n d i t io n s  o f  b o ro h y d r id e  ( 9 8 ) .  G e n e r a l ly ,  c o r r e l a t i o n  of 
th e  o b se rv ed  to  th e  e x p e c te d  b a se  c o m p o s i t io n s  i n  t h e s e  e x p e r im en ts  
matched o r  exceeded  t h a t  o f  s i m i l a r  p u b l i s h e d  r e s u l t s  (1 0 1 ,1 0 2 ) .  
u t i l i z i n g  t h i s  p ro c e d u re  on tRNAp^ e , s .
I I .  Base C om position  A n a ly s is  o f  T^-RNase Fragm ents
RNase d i g e s t i o n  f rag m en ts  were p re p a re d  and i s o l a t e d  from
2 .0  A^gQ u n i t s  o f  Euglena gracilis c y to p la sm ic  tRNAP^ e as  d e s c r ib e d  
i n  s e c t i o n  B-2 o f Methods. F ig .  5 i s  a t r a c i n g  o f  t h e  tw o -d im en s io n a l  
ch rom atog ram .o f t h i s  d i g e s t  i n  which th e  e n c i r c l e d  a r e a s  r e p r e s e n t  th e  
v a r i o u s  uv a b s o r b in g  s p o t s .
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T ab le  2 . N u c leo s id e  Composition8 o f  tRNA e , s  o f  Euglena Cytoplasm , 
Beef L i v e r ,  and B lue-G reen  Algae U t i l i z i n g  R a n d e r a th 's  
Method
N u c leo s id e Euglena Cytoplasm Beef L iv e r B lue-G reen  Algae
Obs. Exp. Obs. Exp. Obs. Exp.
A 17 16 17 16 1 6 .4 16
U 8 .2 8 10.7 10 1 1 .0 11
C 1 6 .2 17 15.7 16 2 1 .6 21
G 1 8 .6 19 1 8 .0 18 1 9 .2 20
1. m A 1 .1 1 1 .9 2 0 .0 -
4 .0 5 3 .4 4 2 .2 2
T 0 .8 1 0 .6 0 . 7b 0 .9 1
D 1 .2 2 1 .9 3 1 .5 1
5_ m C 1 .1 1 1 .4 1 1 .2 1
m2G 0 .8 1 0 .9 1 0 .0 -
m2G 1 .0 1 0 .5 1 0 .0 -
m^G 0 .8 1 0 .8 1 0 .9 1
Y 0 .4 1 0 .4 1 0 .0 -
fl phsFor th e  c y to .  tRNA • r e l a t i v e  abundance was c a l c u l a t e d
assum ing one mole o f  m^G p e r  tRNA. S i m i l a r l y ,  f o r  b e e f  l i v e r  and b lu e -
g re e n  a lg a e  tRNAp^ e , s ,  th e  e x p e c te d  numbers o f  G and U r e s p e c t i v e l y
w ere u t i l i z e d  i n  c a l c u l a t i n g  th e  r e l a t i v e  abundance.
^ T h i r ty  p e r c e n t  o f  b e e f  l i v e r  tR N A ^e has  a  U^CG i n s t e a d  o f  
TipCG (9 9 ,1 0 0 ) .
F ig .  5. T ra c in g  o f  tw o-d im ensiona l chrom atograph o f  th e  RNase 
d i g e s t  o f  Euglena g^ aail'ie c y to p la sm ic  tRNAP^e where 
e n c i r c l e d  s p o ts  r e p r e s e n t  v a r io u s  uv a b so rb in g  f rag m e n ts .  
Dashed c i r c l e  shows l o c a t i o n  o f  x y le n e  cy an o l t r a c e r  dye .
2nd
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Spot A was th o u g h t t o  c o n ta in  th e  15 n u c le o t id e  lo n g  a n t ic o d o n
c o n ta in in g  RNase g e n e ra te d  fragm ent (which we had p r e v io u s ly
32a s s ig n e d  a  t e n t a t i v e  sequence by 5 ' - e n d  [ P ] - l a b e l l i n g  te c h n iq u e s )  f o r  
two r e a s o n s .  F i r s t ,  i t s  p o s i t i o n  on th e  chromatogram i n d i c a t e d  t h a t  
i t  was th e  s lo w e s t  moving fragm ent i n  b o th  d im ensions  a s  would be 
ex p ec te d  f o r  th e  l o n g e s t  T. f ragm en t i n  th e  m o lecu le .  S econd ly ,
« JL
under uv l i g h t  i t  gave o f f  a  f l u o r e s c e n t  sheen  u n l ik e  th e  o th e r
fra g m e n ts ,  i n d i c a t i n g  th e  p re s e n c e  o f  th e  f l u o r e s c e n t  Y b a s e .
E x p e r im en ta l  e v id e n c e  d e t a i l e d  i n  su b seq u en t  s e c t io n s  i n d i c a t e d  t h a t
t h i s  f rag m en t had an i d e n t i c a l  sequence  to  t h a t  o f  th e  a n t ic o d o n
fragm ent o f  b e e f  l i v e r  tRNA^e , ACmUGmAAYAij/CUAAAGp. A w eakness o f  th e  
32[ P ] - l a b e l l i n g  te c h n iq u e s  u t i l i z e d  in  sequenc ing  t h i s  fragm ent i s
t h a t  t h e r e  i s  no d i r e c t  i d e n t i f i c a t i o n  o f  m o d if ied  b a se s  i f  th e y  do
n o t  o ccu r  a t  th e  5 i -en d  o f th e  o l i g o n u c le o t id e .  In  t h i s  fragm ent th e
e x i s t e n c e  o f  Gm a t  th e  g iv en  p o s i t i o n  can be i n f e r r e d  b ecau se  th e
d i g e s t i o n  d id  n o t  g iv e  a  AC^Gp. S i m i l a r l y ,  th e  e x i s t e n c e  o f  Cm a t
th e  g iv e n  p o s i t i o n  i s  v e r i f i e d  by th e  f a c t  t h a t  th e  p a n c r e a t i c  RNase
d i g e s t i o n  d id  n o t  p roduce  an o l i g o n u c l e o t id e  which was c lea v e d  a t  th e
3 ' -en d  o f  t h i s  r e s i d u e .  No s i m i l a r  in f e r e n c e  can be made f o r  which
i s  c le a v e d  a s  e f f i c i e n t l y  by p a n c r e a t i c  RNase as  o th e r  p y r im id in e s .
F u r th e rm o re ,  th e  i|> jump i s  i n d i s t i n g u i s h a b l e  from th e  U jump i n  th e
tw o -d im en s io n a l  homochromatography system  used f o r  a n a ly z in g  5 ' -end  
32[ P ] - l a b e l l e d  f ra g m e n ts .  Y b a se  does  have a  c h a r a c t e r i s t i c  jump 
(1 0 3 ) ,  however, a d d i t i o n a l  c o n f i rm a to ry  ev id en c e  i s  d e s i r a b l e .
A base composition analysis of spot A utilizing Randerath's
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t r i t i u m  d e r i v a t i z a t i o n  te c h n iq u e  w as, t h e r e f o r e ,  perform ed to  con firm  
th e  p re s e n c e  o f  and Y. (T h is  method canno t con firm  th e  p re se n c e  o f 
Gm o r  Cm s in c e  2 ' -O -m e th y la te d  n u c le o s id e s  a r e  n o t  s u s c e p t i b l e  to  
p e r i o d a t e  o x i d a t i o n . )  In  th e  o r i g i n a l  ex p e r im en t ,  0 .1  nmole o f  s p o t  A 
(abou t 0 .015  un^ t  ^ was d ig e s t e d  s o l e l y  w i th  R a n d e ra th 's  enzyme
m ix tu re  (31) c o n s i s t i n g  o f  snake  venom p h o s p h o d ie s te r a s e ,  p a n c r e a t i c  
RNase, and b a c t e r i a l  a l k a l i n e  p h o sp h a ta se .  The r e s u l t s  o f  th e  b ase  
co m p o si t io n  a n a l y s i s ,  perfo rm ed  as  d e s c r ib e d  i n  M a te r ia l s  and M ethods, 
were q u a l i t a t i v e l y  c o r r e c t ,  d e m o n s t ra t in g  th e  p re se n c e  o f  bo th  and 
Y. The m olar r a t i o s ,  c a l c u l a t e d  assum ing one G p e r  o l i g o n u c le o t id e ,  
were n o t ,  how ever, a s  e x p e c te d  (see  T ab le  3 - a ) .  T h is  was th ough t to  
be due to  in c o m p le te  d i g e s t i o n  to  th e  n u c le o s id e  l e v e l  becau se  th e  
snake  venom p h o s p h o d ie s te r a s e  i s  h in d e re d  by th e  p re sen c e  o f c e r t a i n  
m o d if ied  b a se s  i n c lu d in g  (104,105) and Y (se e  pg. 136). In  o rd e r  to  
o b t a in  b e t t e r  m olar r a t i o s ,  we d ec id ed  t o  t r y  a  p re l im in a r y  RNase 
d i g e s t  b e f o r e  th e  a d d i t i o n  o f  th e  u s u a l  enzym e-buffer  m ix tu re  (3 1 ) .
T^ RNase d i g e s t s  a r e  u s u a l l y  run  i n  ammonium a c e t a t e  b u f f e r ,  pH 4 .6 .  
However, even sm a l l  t r a c e s  o f  ammonia i n t e r f e r e  w i th  p e r io d a t e  
o x id a t io n  (1 0 6 ) .  We, t h e r e f o r e ,  d ig e s t e d  two a l i q u o t s  o f  s p o t  A 
(0 .1  nmole each) w i th  RNase— one i n  6 mM ammonium a c e t a t e ,  pH 4 .6 ,  
and one w i th o u t  b u f f e r .  D ig e s t io n s  were f o r  2 hou rs  a t  37° C. The 
d i g e s t  w i th  b u f f e r  was th e n  s u b je c te d  t o  e x te n s iv e  l y o p h i l i z a t i o n .  
R a n d e r a th 's  e n zy m e-b u ffe r  m ix tu re  was th e n  added to  each  d i g e s t .  
C o n d i t io n s  f o r  t h i s  and a l l  su b seq u en t s t e p s  were i d e n t i c a l  t o  th o s e  
d e s c r ib e d  i n  M a t e r i a l s  and Methods.
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T ab le  3 g iv e s  th e  b a se  co m p o si t io n s  c a l c u l a t e d  f o r  s p o t  A
a) w i th o u t  p r e l im in a r y  RNase d i g e s t i o n ,  b) w i th  Tg RNase d i g e s t i o n
and b u f f e r ,  c )  w i th  RNase d i g e s t i o n  and no b u f f e r .  T ab le  3 shows
t h a t  a l th o u g h  a l l  t h r e e  e x p e r im en ts  p ro v id ed  q u a l i t a t i v e  e v id e n c e  f o r
th e  p re s e n c e  o f  \ji and Y, th e  r a t i o s  c l o s e s t  to  th o s e  e x p ec ted  were
o b ta in e d  when a  p r e l im in a r y  T  ^ RNase d ig e s t i o n  w i th o u t  b u f f e r  was ru n .
P r e l im in a r y  T  ^ RNase d i g e s t i o n  h a s ,  t h e r e f o r e ,  become s ta n d a rd
p ro c e d u re  i n  o u r  l a b  f o r  b a se  com posit ion  a n a l y s i s .  F ig .  6 shows th e
f lu o r o g ra p h  o f  th e  b a se  com position  a n a l y s i s  o f  sp o t  A.
A nother f rag m en t which needed v e r i f i c a t i o n  of sequence
ass ignm en t by b a se  co m p o si t io n  a n a l y s i s  was th e  T^ RNase g e n e ra te d
f rag m e n t ,  DDGp. O th e r  e u k a r y o t ic  tRN A ^e , s in c lu d in g  y e a s t ,  w heat
germ, and mammalian c o n ta in  t h i s  s eq u en ce ,  w hereas th e  p ro k a ry o te
and Euglena c h l o r o p l a s t  tRN A ^e , s c o n ta in  th e  T^ RNase g e n e ra te d
32f ra g m e n t ,  DUGp. [ P ] - l a b e l l i n g  te c h n iq u e s  a llow ed  f o r  th e
unambiguous i d e n t i f i c a t i o n  o f  th e  5 ' - e n d  a s  D. However, t h e s e
te c h n iq u e s  were in c a p a b le  o f d i s t i n g u i s h i n g  between DDGp and DUGp.
Base c o m p o s i t io n  a n a l y s i s  o f  s p o t  I  confirm ed th e  sequence  DDGp as
can be seen  by r e f e r r i n g  t o  F ig .  7a and Table  4.
An a d d i t i o n a l  fragm ent which needed v e r i f i c a t i o n  o f  sequence
ass ignm en t by b a se  co m p o si t io n  a n a l y s i s  was th e  T^ RNase g e n e ra te d
2
f r a g m e n t ,  ipipAGp o r  o c c a s io n a l l y  Cn^ GiJ/iJiAGp. (Some T^ RNase d i g e s t i o n s
2
we perfo rm ed  c le a v e d  a t  th e  3 ' -en d  o f  n^G, w hereas o th e r s  d id  n o t .
2
F i n g e r p r i n t s  e i t h e r  c o n ta in e d  a  Ci^G s p o t  and a  i^AG s p o t  o r  a  s i n g l e  
2
Cd^ GMAG s p o t .  Never was a  f i n g e r p r i n t  o b ta in e d  which c o n ta in e d  a l l
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T a b le  3. Comparison o f  N u c leo s id e  Com position o f  Spot A
O bta ined  w i th  a )  no p r e l im in a r y  T2  RNase d i g e s t i o n ,  
b) p r e l im in a r y  T2  RNase d i g e s t i o n  i n  6 mM ammonium 
a c e t a t e ,  pH 4 .6 ,  c) p r e l im in a ry  T2  RNase d i g e s t i o n  
w i th  no b u f f e r
N u c leo s id e a b c Expected
A 3 .8 13 .2 6 .6 7
C 1 .4 3 .5 1 .7 1
U 1 .8 4 .5 2 .5 2
G 1 .0 1 .0 1 .0 1
* 0 .3 1 .0 0 .6 1
Y 0 .3 1 .3 0 .4 1
Gm - - - 1
cm - - - 1
\
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F ig .  6. F lu o ro g rap h  o f  th e  b a se  co m p o s i t io n  a n a ly s i s  by
R a n d e r a th 's  t r i t i u m  d e r i v a t i z a t i o n  te ch n iq u e  (31) o f  
s p o t  A, th e  RNase g e n e ra te d  a n t ico d o n  c o n ta in in g  
o l i g o n u c l e o t i d e .







F ig . 7. F lu o ro g ra p h s  o f th e  b a se  c o m p o sitio n  a n a ly s i s  by
R a n d e ra th 's  t r i t i u m  d e r i v a t i z a t i o n  te c h n iq u e  (31) o f  (a) 
s p o t I ,  DDG and (b) s p o t D, Cm^GMAG w ith  co n tam in an ts  









T ab le  4. N u c leo s id e  C om position  o f  S po ts I a , Db and GC
N u c leo s id e S pot I Spot D Spot GObs. Exp. Obs. Exp. Obs. Exp.
A 2 .2 2 0 .2 -
C - 3 .1 4 1 .8 2
U - 1 .2 1 0 .9 1
G 1 .0  1 3 .4 3 1 .0 1
- 3 .0 3 0 .2 -
D 1 .9  2 - - - -
4 °
- 0 .9 1 - -
i .  m A - - - 0 .8 1
nf*C - - - 0 .7 1
a Spot I  i s  DDG.
r. r\
Spot D c o n ta in s  Cm^G i^pAG, CUCAG, and t|>CG (s e e  t e x t ) .
c 1 5Spot G c o n ta in s  m AUm CCCG
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th r e e  s p o ts .  A lthough  we n e v e r  In v e s t ig a te d  t h i s  phenomenon, we
assumed t h a t  u n d e r p ro p e r ly  c o n t r o l le d  c o n d i t io n s ,  RNase w i l l
2 2 c le a v e  a t  n^G .) In  th o s e  f i n g e r p r i n t s  in  w hich th e  Cn^G o c cu rs
s e p a r a te ly ,  i t  i s  e a s i l y  d i s t in g u is h a b le  from CG by i t s  p o s i t io n  on
th e  f i n g e r p r i n t .  F u rth e rm o re , b a se  co m position  a n a ly s is  o f  th e  t o t a l
c y to p la sm ic  tRNAp^ e  showed th e  p re se n c e  o f one mole o f m^G p e r  mole
o f tRNA. The p rob lem  a ro se  in  p ro v in g  th a t  th e  t e t r a n u c l e o t id e  was
a c tu a l ly  MAGp r a t h e r  th an  tjrtJAGp. We s u sp e c te d  th e  fo rm er sequence
f o r  a  number o f  r e a s o n s .  Mammalian tRNAP^ e c o n ta in s  th e  fra g m e n t,
MAGp, and th e r e  i s  no exam ple o f  lJ/UAGp in  any tRNAP^e y e t  sequ en ced .
Under com ple te  SVP d ig e s t io n  c o n d it io n s  f o r  th e  5 ' -en d  group 
32a n a ly s i s  o f  th e  [ P ] - l a b e l l e d  fra g m e n t, two s p o ts  showed on th e  
chrom atogram  (se e  F ig . 12, d ig e s t  l i b ) .  T h is in d ic a te d  th a t  even 
under th e s e  c o n d it io n s  th e  5 ' -en d  was o n ly  p a r t i a l l y  r e le a s e d  
and th e  5 ' -en d  c o n ta in in g  d in u c le o t id e  was s t i l l  p r e s e n t .  Complete 
T2  RNase d ig e s t i o n ,  how ever, showed o n ly  one sp o t b ecau se  t h i s  
enzyme i s  an en d o n u c le a se  whose a c t i v i t y  i s  u n a f fe c te d  by m o d if ied  
b a se s  (se e  F ig . 12 , d ig e s t  l i b ) .  P a r t i a l  d ig e s t io n  o f th e  fragm ent 
w ith  SVP f o r  tw o -d im en s io n a l hom ochrom atography would n o t r e l e a s e  th e  
5 ' -en d  u n le s s  th e  d ig e s t io n  was run  a t  45° C r a t h e r  th an  th e  u s u a l 
37° C. N u c lease  P^ was in c a p a b le  o f  r e le a s in g  th e  5 ' -e n d  under any 
c o n d i t io n s  we t r i e d .  These r e s u l t s  would n o t be e x p ec te d  f o r  ^UAG. 
F u rth e rm o re , a  seq u en ce  a n a ly s i s  o f  th e  p a r t i a l  SVP d ig e s t io n  p ro d u c ts  
o f  t h i s  frag m en t by o n e -d im e n s io n a l h ig h  v o l ta g e  e l e c t r o p h o r e s i s  a t  
pH 1 .9  run  a lo n g s id e  ipifiAG i s o l a t e d  from  mammalian tRNAP^ e showed
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i d e n t i c a l  p a t t e r n s  (se e  F ig . 1 4 ) .
A b a se  c o m p o sitio n  a n a ly s is  o f  sp o t D showed th e  p re se n c e  o f
2
b o th  m  ^ G and \1>, t h e r e f o r e ,  i t  c o n ta in e d  th e  needed frag m en t.
However, in  th e  tw o -d im en sio n a l TLC system  we used (d e s c r ib e d  a b o v e ),
th e  RNase g e n e ra te d  fra g m e n t, CUCAG, co-chrom atographs w ith  
2
Cm^^^AG (7 8 ) .  F u r th e rm o re , th e  r e s o lu t io n  of our TLC system  was
r a t h e r  p o o r , and th e r e  was o v e r la p  betw een s p o ts  C and D. Base
a n a ly s i s  o f  s p o t C showed i t  to  be th e  \|>CG fragm en t. As T ab le  4
show s, th e  b a se  co m p o sitio n  o f  s p o t D g iv e s  what i s  to  be e x p ec te d  o f
2
th e  th r e e  frag m e n ts  Cn^GMAG, CUCAG, and iJ;CG. F ig . 7b shows th e  f lu o r o -  
g raph  o f th e  b a se  c o m p o sitio n  a n a ly s i s  o f  sp o t D.
I I I .  Sequencing  o f a T j RNase Fragm ent U t i l i z in g  
Chem ical T r it iu m  L a b e ll in g
Base co m p o sitio n  a n a ly s i s  o f  s p o t G (see  F ig . 8 and T ab le  4)
in d ic a te d  t h a t  th e  T^ RNase frag m en t p re v io u s ly  sequenced  and 
1 32d e s ig n a te d  a s  m AUCCCG by [ P ] - l a b e l l i n g  te c h n iq u e s  a c tu a l ly  con­
ta in e d  o n ly  two unm odified  C 's  and one nf’c. T his fragm ent i l l u s t r a t e s
32a d is a d v a n ta g e  o f [ P ] - l a b e l l i n g  te c h n iq u e s . When a m o d if ied  b a se
o c c u rs  w i th in  an o l ig o n u c le o t id e ,  i t  i s  som etim es im p o ss ib le  to
32d i s t i n g u i s h  i t  from  an u n m od ified  b a se . In  t h i s  c a se  [ P ] - l a b e l l i n g  
te c h n iq u e s  gave no c lu e  a s  to  w hich C in  t h i s  sequence  was m o d if ied .
T h is  p rob lem  was so lv ed  u t i l i z i n g  R a n d e ra th 's  t r i t i u m  
in c o r p o r a t io n  seq u en c in g  te c h n iq u e  (2 2 ,3 2 ) .  T h is m ethod h as  th e  
ad v an tag e  o f id e n t i f y in g  each  r e s id u e  unam biguously . I t  c o n s i s t s  of 
th e  fo llo w in g  s t e p s :
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F ig . 8. F lu o ro g ra p h  o f  th e  b a se  co m p o sitio n  a n a ly s is  by
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1) P a r t i a l  d ig e s t io n  o f  th e  o l ig o n u c le o t id e  fragm ent 
w ith  snake  venom p h o s p h o d ie s te ra se  and a lk a l in e  
p h o sp h a ta se
2) T rea tm en t o f  tim e  a l iq u o t s  w ith  sodium  p e r io d a te  to  
c r e a te  o l ig o n u c le o t id e - 3 1 d ia ld e h y d e s
3) R eduction  o f  th e  o l ig o n u c le o tid e -3 *  d ia ld e h y d e s  w ith  
p o ta ss iu m  b o ro  [ % ] h y d rid e  to  c r e a te  t r i t i u m  la b e l le d  
o l ig o n u c le o t id e - 3 1 d ia lc o h o ls
4) R e so lu tio n  a c c o rd in g  to  c h a in  le n g th  o f th e  la b e l le d  
o l ig o n u c le o t id e  d e r iv a t iv e s  by one d im en sio n a l 
P E I - c e l lu lo s e  TLC
5) V is u a l i z a t io n  o f th e  re s o lv e d  o l ig o n u c le o t id e  
d e r iv a t iv e s  by f lu o ro g ra p h y
6) In situ d ig e s t io n  w ith  T2  RNase to  r e l e a s e  th e  
l a b e l l e d  3 '- t e r m i n a l  n u c le o s id e  t r i a l c o h o l s
7) E lu t io n  o f 3 '- t e r m i n a l  n u c le o s id e  t r i a l c o h o l s
8) I d e n t i f i c a t i o n  o f th e  l a b e l l e d  n u c le o s id e  t r i a l c o h o l s  
by co -ch ro m ato g rap h y  w ith  c o ld  n u c le o s id e  t r i a l c o h o l  
m arker compounds in  th e  tw o -d im en s io n a l c e l l u lo s e  
TLC system  used  f o r  b a se  c o m p o sitio n  a n a ly s is
The e x p e r im e n ta l  d e t a i l s  o f  R a n d e ra th 's  t r i t i u m  sequence
a n a ly s i s  o f  o l ig o r ib o n u c le o t id e s  in c lu d in g  o u r m o d if ied  e lu t i o n
p ro c e d u re  have been  d e s c r ib e d  in  M a te r ia ls  and M ethods.
F ig u re  9 -1  shows th e  f lu o ro g ra p h  o f th e  PEI-TLC o f l a b e l l e d
o l ig o n u c le o t id e - 3 ' d ia lc o h o ls  (g e n e ra te d  a s  d e s c r ib e d  above) o f  th e
s p o t G (s e e  F ig . 8) frag m e n t. F ig . 9 - I I  shows th e  f lu o ro g ra p h s  o f
th e  r e le a s e d  3 ' - l a b e l l e d  n u c le o s id e  t r i a l c o h o l s  s u b je c te d  to  b a se
co m p o sitio n  a n a ly s i s  o f  rows a ,  b ,  c ,  and d . From th e s e  r e s u l t s  th e
sequence  m^AUm^CCCG co u ld  be d i r e c t l y  deduced .
F ig . 9. ( I )  The f lu o ro g ra p h  o f th e  o n e -d im e n s io n a l PEI-TLC o f
t r i t i u m  la b e l l e d  o l ig o n u c le o t id e - 3 ' d ia lc o h o ls  o f  s p o t  G, 
mlAUmScCCG, g e n e ra te d  a s  d e s c r ib e d  in  t e x t .  ( I I )  F lu o ro ­
g rap h s  o f  th e  b a se  co m p o sitio n  a n a ly s e s  o f  th e  t r i t i u m  
la b e l l e d  n u c le o s id e  t r i a l c o h o l s  r e le a s e d  by in situ 
d ig e s t io n  by T2  RNase from  th e  3 '- e n d s  o f  o l ig o n u c le o t id e s  
in  rows a ,  b , c ,  and d o f  f lu o ro g ra p h  I .  The e n c i r c le d  
s p o ts  i n d i c a t e  th e  p o s i t io n  o f  n o n - r a d io a c t iv e  n u c le o s id e  
t r i a l c o h o l  uv m ark e rs . The r a d io a c t iv e  s p o ts  in  f lu o r o ­
g rap h s  b and c cou ld  be seen  by e y e , b u t w ere to o  l i g h t  
to  be  re p ro d u c e d . In  b o th  th e s e  f lu o ro g ra p h s  a  s in g le  
sp o t was see n  w hich co -ch ro m ato g rap h ed  w ith  th e  c y t id in e  
n u c le o s id e  t r i a l c o h o l  uv m ark e r. These f lu o ro g ra p h s ,  
th e r e f o r e ,  in d ic a te  t h a t  row a c o n ta in s  th e  u n d ig e s te d  
(by SVP) o l ig o n u c le o t id e  s in c e  i t  c o n ta in s  g u an o sin e  a t  
i t s  3 '- e n d ,  and th a t  m^C i s  lo c a te d  a t  th e  4 th  p o s i t io n  
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IV. S equencing  o f  O lig o n u c le o tid e s  U t i l i z i n g  5 f-End Group 
[32p]- l a b e l l i n g
The seq uence  o f  Euglena gracilis cy to p la sm ic  tRHA?*16 ( a s  w e ll
-.1. - f \ A
a s  t h a t  o f  th e  c h lo r o p la s t  tRNA ) was p r im a r i ly  deduced by [ P] - p o s t -  
l a b e l l i n g  te c h n iq u e s .
32B ecause o f  th e  r e l a t i v e l y  s t ro n g  8 p a r t i c l e  energy o f [ P]
[1 .7 1  MeV (1 0 7 ) ] ,  th e s e  m ethods a re  h ig h ly  s e n s i t i v e .  As l i t t l e  a s
0 .5  pg o f  RNA a re  needed  f o r  a  o r  p a n c r e a t ic  RNase d ig e s t io n  to  be
32fo llo w e d  by 5 ' -e n d  group [ P ] - l a b e l l i n g .  F u rth e rm o re , th e  h ig h
r e s o lu t io n  f r a c t i o n a t i n g  te c h n iq u e s  o r i g i n a l l y  developed  f o r  
32[ P ] - l a b e l l i n g  a re  u t i l i z e d  f o r  th e  l a b e l l e d  o l ig o n u c le o t id e s .
32A. Base S p e c i f ic  D ig e s ts ,  5*-End Group [ P ] -L a b e ll in g  
w ith  P o ly n u c le o tid e  K in a se , and F in g e r p r in t in g
32The [ P ] - p o s t - l a b e l l i n g  p ro c e d u re s  we used were o r i g i n a l l y  
in tro d u c e d  by S anger and group (9 0 ) ,  and m o d if ied  to  p re s e n t  form  by 
R ajB handary*s group (7 3 ,7 5 ) . The e x p e r im e n ta l  d e t a i l s  have been  
d e s c r ib e d  in  M a te r ia ls  and M ethods. The fo llo w in g  i s  a  g e n e ra l  
seq uence  o f th e  s te p s  u sed :
1) Base s p e c i f i c  d ig e s t io n  w ith  e i t h e r  T^ o r  p a n c r e a t ic  
RNase d ig e s t io n s  o f  e i t h e r  th e  w hole tRNA o r  o f  h a l f ­
m o le c u le s  (m?G c le a v a g e  p ro d u c ts )  to  p roduce  o l ig o -  
n u c le o t id e - 3 1 p h o sp h a te s
2) Removal o f  th e  3 ' p h o sp h a te s  w ith  b a c t e r i a l  a lk a l in e  
p h o sp h a ta se
T h is  s te p  was in tro d u c e d  to  f a c i l i t a t e  th e  com parison  o f
32f i n g e r p r i n t  p a t t e r n s  o f  th e  p o s t - l a b e l l e d  [ P ] -fra g m e n ts  w ith  th o s e  
32o f  th e  in vivo [ P ] - l a b e l l e d  frag m e n ts  w ith  w hich th o se  f i n g e r p r i n t s  
w ere f i r s t  s tu d ie d  (2 3 ) . By rem oving th e  3* p h o sp h a te s , th e  f i n a l
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32[ P ] - l a b e l l e d  o l ig o n u c le o t id e s  c o n ta in e d  o n ly  a  s in g le  te rm in a l
32p h o sp h a te  a t  th e  5 '- e n d .  The in vivo [ P ] - l a b e l l e d  o l ig o n u c le o t id e s ,
p roduced  by e i t h e r  o r  p a n c r e a t ic  RNase d ig e s t io n s  w ith o u t
b a c t e r i a l  a lk a l in e  p h o sp h a ta se  t r e a tm e n t ,  c o n ta in e d  a  s in g le  te rm in a l
p h o sp h a te  a t  th e  3*-e n d . S in ce  th e r e  i s  l i t t l e  d i f f e r e n c e  in
m o b i l i ty  betw een o l ig o n u c le o t id e s  c o n ta in in g  a  s in g le  te rm in a l
32p h o sp h a te  a t  th e  3 ' o r  th e  5*-e n d , f i n g e r p r i n t s  o f  [ P ] -p o s t ­
l a b e l l e d  o l ig o n u c le o t id e s  w ere d i r e c t l y  com parable w ith  th o se  o f  in 
32vivo [ P ] - l a b e l l e d  o l ig o n u c le o t id e s .
3) D e n a tu ra tio n  o f  th e  a lk a l in e  p h o sp h a ta se  by b o i l in g
in  th e  p re s e n c e  o f  n i t r i l o t r i a c e t i c  a c id ,  a  
c h e la t in g  a g en t w hich removes z in c  from  th e  enzyme
T h is  s te p  i s  e s s e n t i a l  becau se  a c t i v e  p h o sp h a ta se  would 
32remove th e  [ P ] - l a b e l .
324) The [ P ] - l a b e l l i n g  o f  th e  5*-end  o f th e  o l ig o n u c le o t id e s  
u t i l i z i n g  y-[32p]-A TP and T^ in d u ced  p o ly n u c le o tid e  
k in a s e
32 325) Removal o f  e x c e ss  y - [  P]-ATP by c o n v e rs io n  to  [ P ] -
g lu c o se -6 -p h o sp h a te  w ith  h ex o k in ase  and D -g lucose  
G lu c o se -6 -p h o sp h a te  moves more r a p id ly  in  th e  second 
d im en sio n  o f  th e  su b se q u e n t s te p  th an  th e  o l ig o n u c le o t id e s ,  w hereas 
ATP m ig ra te s  to  a  lo c a t io n  w ith in  th e  o l ig o n u c le o t id e  re g io n . T here­
f o r e ,  t h i s  i s  a  means o f  c h an n e lin g  away e x c e ss  r a d i a t i o n  from  th e  
a r e a  o f  th e  f i n g e r p r i n t s  c o n ta in in g  th e  o l ig o n u c le o t id e s .
6) T w o-d im ensional e le c t r o p h o r e s i s  o f  th e  l a b e l l e d  o l ig o ­
n u c le o t id e s — " f in g e r p r in t in g "
The f i r s t  d im ension  was on c e l l u lo s e  a c e t a t e  s t r i p s  a t  pH 3 .5 . 
C e l lu lo s e  a c e t a t e  h a s  a  low c a p a c ity  f o r  m a te r i a l ;  t h e r e f o r e ,  i t  f i r s t
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32became u s e f u l  w ith  th e  ad v en t o f  [ P ] - l a b e l l e d  n u c le i c  a c id s  (2 3 ) . 
S in ce  c e l l u lo s e  a c e t a t e  h a s  no Io n  exchange p r o p e r t i e s ,  m o b il i ty  In  
t h i s  d im ension  I s  n e t  c h a rg e  d ep en d en t.
The second d im ension  was on DEAE p ap e r a t  pH 1 .9 . 
F r a c t io n a t io n  In  t h i s  d im en sio n  I s  due to  b o th  lo n -ex ch an g e  and 
e le c t r o p h o r e t i c  e f f e c t s .  The p o s i t i v e  ch a rg es  on th e  DEAE-paper 
cau se  an e le c tro -e n d o s m o tic  flo w  o f b u f f e r  from  th e  ca th o d e  to  th e  
anode c a r ry in g  th e  n u c le o t id e s  th ro u g h  th e  p a p e r ,  and , th e r e f o r e ,  
s u b je c t in g  them to  io n  exchange ch rom atography . S e p a ra tio n s  in  t h i s  
d im ension  a re  s u p e r io r  to  s im p le  chrom atography on DEAE-paper; t h e r e ­
f o r e ,  e l e c t r o p h o r e s i s  superim posed  on chrom atography i s  an im p o r ta n t 
f a c t o r  (1 0 8 ) . M o b ili ty  i n  t h i s  d im ension  i s  due to  b o th  n e t  ch arg e  
and m o le c u la r  w e ig h t.
The a u to ra d io g ra m  o f t h i s  tw o -d im en sio n a l e le c t r o p h o r e s i s  i s  
c a l l e d  a f i n g e r p r i n t  b ecau se  a  RNA m o lecu le  o f  u n iq u e  sequence  h as  a 
u n iq u e  p a t t e r n .  The m o b i l i ty  o f  o l ig o n u c le o t id e s  in  t h i s  system  i s  
ex tre m e ly  s e n s i t i v e  to  t h e i r  b a se  co m p o sitio n  and seq u en ce . F ig . 10 
shows th e  f i n g e r p r i n t s  o f  A) th e  T^ , RNase d ig e s t io n  and B) th e  
p a n c r e a t ic  RNase d ig e s t io n  o f  Euglena graailis cy to p la sm ic  tR N A ^e . 
The s p o t  num bers on th e  f i n g e r p r i n t s  w i l l  be  r e f e r r e d  to  th ro u g h o u t 
th e  rem a in d er o f  t h i s  d i s s e r t a t i o n  w ith  th e  e x c e p tio n  o f  t i l  ( in  m ost 
o f  o u r T^ RNase d ig e s t io n s  th e  o l ig o n u c le o t id e  t i l  was f u r th e r  
c le a v e d  in to  two o l ig o n u c le o t id e s ,  t l l a  and t l l b ) .
The p ro b a b le  c o m p o sitio n  o f  an o l ig o n u c le o t id e  may be 
d e te rm in ed  by i t s  p o s i t i o n  on th e  f i n g e r p r i n t .  Brow nlee (108) h as
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F ig . 10. A u to ra d io g ra p h s  o f f i n g e r p r i n t s  o b ta in e d  by tw o-
d im e n s io n a l e l e c t r o p h o r e s i s  o f 5 ’-en d  [ 3 2 p ] - iab e l le d  
o l ig o n u c le o t id e s  o f  Euglena gracilis c y to p la sm ic  
tRNAPhe o b ta in e d  from  (a ) a  RNase d ig e s t io n  and 
(b) a p a n c r e a t ic  RNase d ig e s t io n .  Dashed c i r c l e  
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diagrammed th e  r e l a t i o n s h i p  betw een th e  co m p o sitio n  o f an o l ig o ­
n u c le o t id e  and i t s  p o s i t io n  on th e  f i n g e r p r i n t .  C e r ta in  
g e n e r a l iz a t io n s  may be made. For exam ple, th e  n u c le o t id e  w hich has 
th e  g r e a t e s t  i n h i b i to r y  e f f e c t  on m o b il i ty  in  th e  second d im ension  i s  
U, so t h a t  th e  f i n g e r p r i n t  may be  re g a rd e d  a s  b e in g  composed o f th re e  
s e c t io n s  r e p r e s e n t in g  o l ig o n u c le o t id e s  c o n ta in in g  two o r m ore, one , o r  
no U r e s id u e s .  B ecause o f  th e  v a ry in g  e f f e c t s  o f  m o d ified  n u c le o t id e s  
on m o b il i ty  and th e  p o s s i b i l i t y  o f  o v e r la p s  c o n ta in in g  d i f f e r e n t  
b a se  c o m p o s itio n s , th e  u s e f u ln e s s  o f B row nlee’ s r e l a t io n s h ip s  fo r  
t h i s  p r o je c t  was o n ly  o f  a  c o n f irm a to ry  n a tu r e .
A u to rad io g rap h y  o f  f i n g e r p r i n t s ,  and th e  d e te rm in a tio n  o f 
m o la r r a t i o s  by Cherenkov c o u n tin g  o f c u to u ts  o f  th e  frag m en ts  w ere 
d is c u s s e d  in  M ethods. T ab le  5 g iv e s  th e  m olar r a t i o s  o f  th e  and 
p a n c r e a t ic  RNase g e n e ra te d  o l ig o n u c le o t id e s  o f  Euglena graeilis 
c y to p la sm ic  tRNA15*16.
B. 5 ’-End Group D e te rm in a tio n
An e s s e n t i a l  i n i t i a l  s te p  f o r  th e  sequence  d e te rm in a tio n  o f 
32th e  re c o v e re d  [ P ] - l a b e l l e d  o l ig o n u c le o t id e  was th e  i d e n t i f i c a t i o n
o f i t s  5 '-e n d  r e s id u e .  T h is  was acco m p lish ed  by enzym atic
d e g ra d a tio n  o f th e  o l ig o n u c le o t id e  to  th e  m o n o n u c leo tid e  l e v e l
fo llo w e d  by co -ch ro m ato g rap h y  on c e l l u lo s e  TLC p l a t e s  w ith  a  m ix tu re
o f s ta n d a rd  uv m ark e rs  a s  d e s c r ib e d  in  M ethods. The 5 ’- te r m in a l
32n u c le o t id e ,  b e in g  th e  o n ly  one c o n ta in in g  a  [ P ] - l a b e l ,  was 
v i s u a l iz e d  by a u to ra d io g ra p h y  and i d e n t i f i e d  by i t s  r e l a t i v e  lo c a t io n  
to  th e  s ta n d a rd  uv m a rk e rs .
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T ab le  5 . M olar R a t io s 3 o f  O lig o n u c le o tid e s  o f  Skglena gracilis 
C y to p lasm ic  tRNAP^e
T i RNase D ig e s t P a n c re a tic  RNase D ig e s t
Spot No. M olar R a tio Spot No. M olar R a tio
t l 0 .6 3 P i 1 .1 4
t2 0 .8 2 P2 1 .1 3
t3 3 .1 0 p3 1 .0 2
t4 0 .7 6 p4 0 .9 8
t5 0 .7 7 P5 0 .3 3
t6 1 .0 0 p6 1 .0 0
t7 0 .1 0 P7 1 .0 0
t8 0 .1 0 p8 0 .8 0
t9 1 .2 0 p9 0 .2 0
tlO 1 .0 0 plO 0 .2 0
t l l a  and 1 .0 9 p l l 1 .02
t l l b
P l2 1 .23
t l 2 0 .3 6
p l3 0 .94
p l4 0 .7 0
P l5 0 .5 0
0
One re a s o n  f o r  d e v ia t io n s  from  th e  expec ted  m o la r r a t i o  o ccu r 
when a p a r t i c u l a r  o l ig o n u c le o t id e  i s  n o t e f f i c i e n t l y  l a b e l l e d  by th e  
p o ly n u c le o t id e  k in a s e  r e a c t i o n .  T h is  i s  e s p e c ia l l y  e v id e n t  w ith  o l ig o ­
n u c le o t id e s  w hich have c e r t a i n  m o d if ied  b a se s  a t  t h e i r  5 ' -e n d s . For 
exam ple, th e  low  m o la r r a t i o s  on t7  and t8  a r e  due to  th e  p re se n c e  o f 
m^G and D r e s p e c t iv e ly  a t  th e  5 '- e n d s  o f  th e s e  two o l ig o n u c le o t id e s .
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Each o l ig o n u c le o t id e  was d ig e s te d  in d e p e n d e n tly  w ith  two 
enzym es, and each  o£ th e s e  d ig e s t s  was in  tu r n  ru n  in d e p en d e n tly  in  
two d i f f e r e n t  s o lv e n t  sy s te m s , th u s  c r e a t in g  fo u r  chrom atographs.
Any one d ig e s t - s o l v e n t  sy stem  co m b in a tio n  m ight n o t s u f f i c i e n t l y  
d i s t in g u i s h  betw een c e r t a i n  n u c le o t id e s .  By s u b je c t in g  each  o l ig o ­
n u c le o t id e  to  a l l  fo u r  sy stem s th e  5 '- e n d  co u ld  be  unam biguously
i d e n t i f i e d .  As d e s c r ib e d  in  M ethods, th e  enzymes used w ere RNase
32 *w hich r e le a s e s  a  5 ' [ P] n u c le o s id e  3 ' , 5 '-d ip h o s p h a te  ( pX p), and
32 *SVP o r  N u c lease  w hich r e l e a s e  a  5 ’ [ P] n u c le o s id e  ( pX). Each
d ig e s t  was ru n  w ith  a p p r o p r ia te  uv m a rk e rs , pXp o r  pX. The s o lv e n ts
w ere s o lv e n t  (b) and s o lv e n t  ( f ) .  F ig . 11 shows th e  s ta n d a rd  maps
used  f o r  id e n t i f y in g  n u c le o t id e s  in  th e  fo u r  d i f f e r e n t  sy s te m s . The
n u c le o t id e s  r e p r e s e n te d  by d ash ed  s p o ts  a re  th e  uv s ta n d a rd s  o f  th e
fo u r  common n u c le o t id e s .  M od ified  n u c le o t id e s  a r e  i d e n t i f i e d  by t h e i r
r e l a t i v e  lo c a t io n s  to  th e s e  s ta n d a rd s  in  th e  fo u r  sy stem s. These
maps w ere d ev e lo p ed  by A. G illum  and U. L. RajBhandary (7 5 ) .
F ig . 12 c o n ta in s  th e  a u to ra d io g ra p h s  o f  th e  5 '- e n d  a n a ly s i s  o f 
o l ig o n u c le o t id e s  d e r iv e d  from  th e  T^ RNase d ig e s t io n  of 
c y to p la sm ic  tR N A ^6 .
T ab le  6 g iv e s  th e  5 '- e n d  group a ss ig n m e n ts  made on th e  b a s i s  
o f  th e s e  a u to ra d io g ra p h s . I t ,  a l s o ,  g iv e s  th e  5 '- e n d  g roups o f  
p a n c r e a t ic  RNase g e n e ra te d  o l ig o n u c le o t id e s  o b ta in e d  in  a  s im i la r  
ex p erim en t by Jam es S ch n ab e l.
32F ig . 11. S tan d a rd  maps showing th e  m o b i l i t i e s  o f  5* — [ P ] -
la b e l l e d  m o d ified  m o n o n u c leo tid es  r e l a t i v e  to  th e  
m o b i l i t i e s  o f pA, pG, pC, and pU*uv m arkers f o r  
com plete  snake  venom p h o sp h o d ie s te ra se  d ig e s t io n s  
(CSV) and pAp, pGp, pCp, and pUp uv m arkers f o r  
com ple te  T2  RNase d ig e s t io n s .  Dashed c i r c l e s  
I n d ic a te  th e  uv m ark e rs . S tan d a rd  map a was run 
in  s o lv e n t  system  ( f ) .  S tan d a rd  map b was run  in  
s o lv e n t  system  ( b ) .
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F ig . 12. A u to ra d io g ra p h s  o f  th e  5 '- e n d  group a n a ly se s  o f  th e  
co m ple te  RNase g e n e ra te d  o l ig o n u c le o t id e s  o f 
Euglena gracilis c y to p la sm ic  tRNAP^e . These were 
o b ta in e d  a s  fo l lo w s :  (a ) com ple te  SVP d ig e s t io n  run
w ith  s o lv e n t  ( f ) ,  (b) com plete  T2  RNase d ig e s t io n  
run  w ith  s o lv e n t  ( f ) ,  (c ) com ple te  SVP d ig e s t io n  run  
w ith  s o lv e n t  ( b ) , (d) com plete  T2  RNase d ig e s t io n  
ru n  w ith  s o lv e n t  (b ) .  C ir c le s  r e p r e s e n t  lo c a t io n s  
o f  uv m ark e rs  whose i d e n t i t y  can be d e r iv e d  by 
























oo • oo <o-
oo o® « ©
o o X  ®
OO ♦ o o K  r~
OxD O o ** -ao<a> Oo X  4§0
X  1A
00 o<^ K  "
0$ O o < *
o® O C3 x  2
0® O O X  *-«
r**o\
• °  00
0 0 * CD*
0 Oi i O 0 -
# 0 00
0 o e e
0 - c r > 0 o
0 0 Q @
0 Oo
0 * o Oo
i 00
0 oo
0  c » o o  




oo (* o  
00  - o  o
98
T ab le  6 . 5 ' -End Groups o f  O lig o n u c le o tid e s  o f  Euglena gracilis
C y top lasm ic  tRNAP^e
T i RNase D ig e s t P a n c r e a t ic  RNase D ig e s t
Fragm ent 5 ' -End N u c le o tid e Fragm ent 5 '-E n d  N u c le o tid e
t l C P i A
t2 C p2 G
t3 A P3 A
14 p4 G
t5 1. m A p5 m*G
t6 C p6 G
t7 m^G P7 G
t8 D p8 A
t9 T p9 A
t i o A plO 6. m A
t l l a C p l l A
t l l b * P l2 G







32C. S equencing  by A n a ly s is  o f  5* [ P ] -L a b e lle d  
O lig o n u c le o tid e s
32Once th e  5 ' -en d  g roup  o f th e  [ P ] - l a b e l l e d  o l ig o n u c le o t id e  
was d e te rm in ed  (and knowing t h a t  th e  3 '- e n d  group was e i t h e r  a  G f o r  
d ig e s t s  o r  a  p y r im id in e  f o r  p a n c r e a t ic  d ig e s t s )  th e  su cceed in g  
r e s id u e s  in  th e  5 ' to  3 ' d i r e c t i o n  w ere de te rm in ed  by a n a ly s is  o f th e  
p a r t i a l  d ig e s t io n  p ro d u c ts  o f  th e  o l ig o n u c le o t id e s  a s  d e sc r ib e d  in  
M ethods.
P a r t i a l  d ig e s t io n  o f  o l ig o n u c le o t id e s  was done w ith  e i t h e r  
snake venom p h o s p h o d ie s te ra s e  (109) o r  N u c lease  P^ (110) a s  d e sc r ib e d  
in  M ethods. R e a c tio n  c o n d it io n s  can be a d ju s te d  so t h a t  a l l  
s u c c e s s iv e  d ig e s t io n  p ro d u c ts  can be o b ta in e d  by in a c t iv a t i n g  th e  
enzyme d u r in g ‘a p p r o p r ia te  tim e  a l i q u o t s .  The e l e c t r o p h o r e t i c  and 
ch ro m ato g rap h ic  te c h n iq u e s  d e s c r ib e d  below  f o r  th e  sequence a n a ly s is  
o f  th e  p a r t i a l  d ig e s t io n  p ro d u c ts  r e q u i r e  th e  u n d ig e s te d  o l ig o ­
n u c le o t id e  as  w e l l  as  a l l  d e g ra d a tio n  p ro d u c ts  c o n ta in in g  th e  5 ' -en d  
32[ P ] - l a b e l .  T h is  in c lu d e s  th e  5 '- e n d  m ononucleo tide  even though i t
h a s  been p re v io u s ly  i d e n t i f i e d .  For exam ple, in  o rd e r  to  sequence
a
th e  t h e o r e t i c a l  o l ig o n u c le o t id e  pApBpCpD-OH, th e  o l ig o n u c le o t id e s
A A A  A
pApBpCpD-OH, pApBpC-OH, pApB-OH, and th e  m ononucleo tide  pA-OH a re
needed .
Snake venom p h o s p h o d ie s te ra s e  (109) i s  an ex o n u c le a se  w hich 
re c o g n iz e s  th e  3 '-h y d ro x y l  end o f  o l ig o n u c le o t id e s  and rem oves 
s u c c e s s iv e ly  n u c le o t id e - 5 '- p h o s p h a te  r e s id u e s  in  th e  3 ' to  5 ' 
d i r e c t i o n .  An o c c a s io n a l  d i f f i c u l t y  a r i s e s  in  th e  u se  o f SVP in  t h a t  
c e r t a i n  m o d ified  b a se s  i n h i b i t  th e  a c t i v i t y  o f  t h i s  enzyme (111)
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c a u s in g  b u i ld -u p s  o f  th e  d e g ra d a tio n  p ro d u c t w hich c o n ta in s  th e  
b lo c k in g  b a se  a t  I t s  3 '- e n d  w ith  l i t t l e  o r  no accu m u la tio n  o f 
p ro d u c ts  s h o r te r  th a n  t h i s .  T h is  prob lem  co u ld  som etim es be  overcome 
by r a i s i n g  th e  r e a c t io n  te m p e ra tu re  to  45° C In s te a d  o f  th e  u s u a l
25° C. T h is  method was u se d , f o r  exam ple, In  th e  seq u en c in g  o f  th e
& A A
o lig o n u c le o t id e  pMAG. At room te m p e ra tu re  o n ly  p ^ -O H , p^A -O H ,
and pMAG-OH co u ld  be i s o l a t e d .  A f te r  two h o u rs  a t  45° C, p\J>-OH was
re c o v e re d  (s e e  F ig . 2 1 ) . T h is  te c h n iq u e , how ever, d id  n o t work f o r
a l l  p roblem  o l ig o n u c le o t id e s .
N u clease  (110) h as  been found to  be a u s e f u l  a l t e r n a t i v e
n u c le a s e  f o r  th e  d e g ra d a tio n  o f  th o s e  o l ig o n u c le o t id e s  w hich c o n ta in
3 ' o r  i n t e r n a l  m o d if ied  r e s id u e s  w hich h in d e r  th e  a c t io n  o f  SVP.
L ike  SVP, N u c lease  P^ c le a v e s  p h o s p h o d ie s te r  b onds, le a v in g  3 ' -
h y d ro x y l and 5 '-p h o s p h a te  e n d s . T h e re fo re , i t s  d e g ra d a tio n  p ro d u c ts
can be an a ly zed  i d e n t i c a l l y  to  th o s e  o f SVP. U n lik e  SVP, n u c le a s e
P^ i s  a random e n d o n u c lea se  w hich can  o f te n  c le a v e  bonds w hich SVP
c a n n o t. U sing norm al r e a c t io n  c o n d i t io n s  (se e  M ethods) th e  w hole
ran g e  o f d ig e s t io n  p ro d u c ts  i s  u s u a l ly  a v a i l a b le  in  a few m in u te s .
L ess th an  o p tim a l c le a v a g e  o f c e r t a i n  r e s id u e s  h as  been  n o te d  f o r
N u c lease  P^ such  a s  betw een s t r e t c h e s  o f  p y r im id in e s . T h e re fo re , i t
was o f te n  found u s e f u l  to  do b o th  a  SVP and n u c le a s e  P^ d ig e s t io n
in d e p e n d e n tly  on a p a r t i c u l a r  o l ig o n u c le o t id e ,  combine th e  d e g ra d a tio n
p ro d u c ts  o f  b o th , and p ro c e ed  w ith  sequence  a n a ly s i s .
For sequence  a n a ly s i s ,  th e  co m ple te  s e t  o f p a r t i a l  d ig e s t io n  
32p ro d u c ts  o f  a 5 '- e n d  [ P ] - l a b e l l e d  o l ig o n u c le o t id e  was s u b je c te d  to
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e i t h e r  o n e -d im e n s io n a l e l e c t r o p h o r e s i s  on DEAE-paper (24) o r  tw o- 
d im e n s io n a l hom ochrom atography (104) a s  d e sc r ib e d  in  M ethods, and th e  
m o b i l i ty  o f  i t s  com ponents w ere com pared. The m o b i l i ty  o f  an 
in d iv id u a l  o l ig o n u c le o t id e  in  an e le c t r o p h o r e t i c  o r  ch ro m ato g rap h ic  
sy stem  i s  dep en d en t on a l l  i t s  component n u c le o t id e s .  When one 
component i s  removed (a s  i s  done s u c c e s s iv e ly  from  th e  3*-e n d  d u rin g  
p a r t i a l  d ig e s t s )  th e  rem a in in g  o l ig o n u c le o t id e  undergoes a 
c h a r a c t e r i s t i c  change i n  m o b i l i ty .  F r a c t io n a t io n  o f  th e  e n t i r e  s e t  
o f  p a r t i a l  d ig e s t io n  p ro d u c ts  in  th e s e  system s th u s  a llo w s 
d e te rm in a tio n  o f  each  s u c c e s s iv e  n u c le o t id e  l o s t .
The t h e o r e t i c a l  b a s i s  f o r  sequence  a n a ly s is  u t i l i z i n g  one­
d im e n s io n a l e l e c t r o p h o r e s i s  a t  pH 1 .9  o r  3 .5  on D E A E -cellu lose 
p a p e r  was d e s c r ib e d  by Sanger (23) in  1965. T h is  method o f  
a n a ly s i s  depends on th e  v e r t i c a l  d is ta n c e  betw een s u c c e s s iv e  
d e g ra d a tio n  p ro d u c ts  w hich i s  a c tu a l ly  a fu n c tio n  o f  th e  n u c le o t id e  
w hich has been  l o s t .  Each n u c le o t id e  has a  c h a r a c t e r i s t i c  e f f e c t  
e x p re sse d  a s  i t s  "M" v a lu e .  I f  th e  d is ta n c e  from  th e  o r ig i n  o f a 
p a re n t  o l ig o n u c le o t id e ,  N (n ), i s  x and th e  d is ta n c e  from th e  o r ig in  
o f  i t s  f i r s t  d e g ra d a tio n  p ro d u c t ,  N ( n - l ) ,  i s  y , th e n  M = ^ ~ -x . The
X
M v a lu e  th u s  c a lc u la te d  i d e n t i f i e s  th e  3 ' - te r m in a l  n u c le o t id e  in  th e  
p a re n t  o l ig o n u c le o t id e ,  N (n ). The 3 ' - t e r m in a l  o f N (n - l)  i s  in  tu rn  
c h a r a c te r iz e d  by m easu rin g  x a s  th e  d is ta n c e  from N (n - l)  to  th e  
o r i g i n  and y a s  th e  d is ta n c e  o f  N (n-2 ) to  th e  o r ig i n  and so  on.
T ab le  7 g iv e s  a  l i s t  o f th e  c h a r a c t e r i s t i c  M v a lu e s  f o r  th e  fo u r  
m ajo r n u c le o t id e s  a t  pH 3 .5  and 1 .9  w hich w ere p u b lis h e d  by S anger (2 3 ) .
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T able  7. P u b lish e d  M V alues f o r  O ne-D im ensional E le c t ro p h o re s is  
on DEAE-Paper a t  pH 3 .5  o r  1 .9  (2 3 ,7 3 )
3 '-T e rm in a l N u c le o tid e  Removed M Value pH 3 .5  pH 1 .9
pC 0 .6 - 1 .2  0 .0 5 -0 .3
pA 2 .1 - 2 .9  0 .4 - 1 .1
pU 1 .7 - 1 .9  1 .5 - 2 .5
pG 2 .6 - 4 .4  1 .2 - 3 .1
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T h is  te c h n iq u e  h a s  c e r t a i n  l i m i t a t i o n s .  The ra n g e s  o f  M 
v a lu e s  f o r  U, A, and G a t  pH 1 .9  and U and G a t  pH 1 .9  a r e  c lo s e  o r  
o v e r la p . A lso , o c c a s io n a l  d e v ia t io n s  from  th e  M v a lu e s  have been  
o b serv ed  (7 3 ) . I t  i s ,  t h e r e f o r e ,  o f te n  u s e f u l  to  ru n  a  sam ple a t  
b o th  p H 's .
M v a lu e s  have been  found to  be m ean in g less  f o r  o l ig o n u c le o ­
t i d e s  whose m o b i l i t i e s  a re  beyond th a t  o f  th e  x y le n e  cy an o l t r a c k in g  
dye . The x y le n e  cy an o l dye u s u a l ly  m ig ra te s  to  a  p o s i t io n  betw een 
th e  t r i -  and d i - n u c le o t id e s .  T h e re fo re , chrom atography o f  th e  
unknown a lo n g s id e  d in u c le o t id e s  o f  known sequence and 5 '-p h o s p h a te  
m o n o n u c leo tid e  uv m ark ers  i s  u s e f u l .
L arge o l ig o n u c le o t id e s  do n o t move f a r  from  th e  o r ig in ;  
crow ding n e a r  th e  o r ig i n  makes th e  seq u en c in g  o f any o l ig o n u c le o t id e  
l a r g e r  th a n  ab o u t n u c le o t id e s  im p r a c t ic a l  by t h i s  te c h n iq u e .
The e f f e c t s  o f  m o d ified  b a se s  on m o b il i ty  s h i f t s  in  t h i s  
sy stem  v a ry  and M v a lu e s  have n o t been e s ta b l i s h e d  f o r  them . When 
an o l ig o n u c le o t id e  c o n ta in s  3 '- t e r m i n a l  o r  i n t e r n a l  m o d if ied  b a se s  
i t  i s  u s e f u l  to  ru n  i t  a lo n g s id e  a homologous o l ig o n u c le o t id e  of 
known seq u en ce .
F ig . 13 shows th e  au to ra d io g ra m s  o f th e  seq uence  a n a ly s e s  by 
o n e -d im e n s io n a l DEAE-paper e l e c t r o p h o r e s i s  a t  pH 3 .5  o f  th e  p a r t i a l  
SVP d ig e s t s  o f T^ frag m en ts  t l ' ,  pCACC-OH and t l ,  pCACCA-OH. [The 
T^ frag m en t t l ' ,  w hich was i s o l a t e d  from th e  im m ediate low er r i g h t  o f
_ L 0
t l ,  was p ro b a b ly  p re s e n t  b ecau se  th e  p u r i f i c a t i o n  o f  c y t .  tRNA^ d id  
n o t  remove th o s e  tRNAs w hich w ere p a r t i a l l y  d eg rad ed  by n u c le o t id y l
A u to ra d io g ra p h  o f th e  sequence  a n a ly s is  by one­
d im e n s io n a l DEAE-paper e l e c t r o p h o r e s i s  a t  pH 3 .5  o f 
th e  p a r t i a l  SVP d ig e s t s  o f  t l ' ,  *pCACC and t l ,  
*pCACCA. Dashed c i r c l e s  r e p r e s e n t  lo c a t io n  o f th e  
x y le n e  cy an o l dye . F u l l  c i r c l e s  r e p r e s e n t  
lo c a t io n s  o f  th e  v a r io u s  n u c le o t id e  uv m ark e rs . 
Numbers in  p a r e n th e s i s  r e f e r  to  M v a lu e s  c a lc u la te d  
as  d e s c r ib e d  in  t e x t .
contain. contan.
• # pCA •  « pCA
t '
( B
♦ H pCAC * I pCAC (0.6)
pCACC ♦  • pCACC (0.8)
jn *  •
contain.
4  » pCACCA (2.2)
t , t  r ,»  1 6  *0  lo  HO  o  f | l  s (»  W  «  «  ( to  |
t l '  t l  1
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t r a n B f e r a s e ,  th e  enzyme w hich rem oves and r e p la c e s  th e  te rm in a l  CCA-OH 
o f  tRNAs and th u s  c o n t r o l s  t h e i r  a c t i v i t y  (1 2 1 ,1 2 2 )] . P a r t i a l  
d ig e s t io n s  w ere by SVP. M v a lu e s  a r e  g iv en  in  p a re n th e s e s .
F ig . 14 i l l u s t r a t e s  a  u se  o f  o n e -d im e n sio n a l DEAE-paper 
e l e c t r o p h o r e s i s  w hich i s  n o t  d ependen t on M v a lu e s .  The prob lem s 
a s s o c ia te d  w ith  th e  seq u en c in g  o f  t l l b ,  MAG have been d is c u s s e d  
(s e e  pg . 7 1 ) . The p re se n c e  w i th in  th e  o l ig o n u c le o t id e  o f  th e  
m o d if ied  b a s e ,  M i s  b e s t  d em o n stra ted  by ru n n in g  th e  sam ple a lo n g s id e  
th e  same frag m en t from  a known s o u rc e . In  t h i s  ex p erim en t MAG was 
i s o l a t e d  from  T^ RNase f i n g e r p r i n t  o f  b e e f  l i v e r  tRNAP^ e ( t l l b -  
f l n g e r p r i n t  C, F ig . ) and an a ly zed  a lo n g s id e  th e  same fragm en t from 
Euglena c y t .  tRNAP^e . The m o b i l i t i e s  o f  th e  p a r t i a l  SVP d ig e s t  
d e g ra d a tio n  p ro d u c ts  w ere i d e n t i c a l  f o r  b o th  b e e f  l i v e r  and 
c y t .  tRNAP^ es .  T h is  in fo rm a tio n  p lu s  th e  b a se  co m p o sitio n  a n a ly s i s  
d is c u s s e d  p re v io u s ly  w ere c o n s id e re d  s u f f i c i e n t  to  make th e  sequence  
a ss ig n m e n t.
F ig . 15 c o n ta in s  th e  au to ra d io g ra m s  o f  th e  p a r t i a l  SVP
d ig e s t s  o f  th e  T^ frag m e n ts  t 2 ,  t 3 ,  t 6 ,  and t4 .  Of th e s e  o n ly  t 3 ,
A
th e  d in u c le o t id e  pAG i s  h e re  d e f i n i t i v e l y  seq u en ced . The a u to ra d io ­
gram shows i t  to  be  a  d in u c le o t id e  w ith  a  5 ' - t e r m in a l  A, and s in c e  
th e  o l ig o n u c le o t id e  i s  a  T^ fra g m e n t, th e  seq uence  m ust be AG.
Fragm ent t4  i s  shown to  be a  t r i n u c l e o t i d e  w ith  a  U - l ik e  5 ' - t e r m in a l .  
[P re v io u s  5 ’ - t e r m in a l  a n a ly s i s  (s e e  F ig . 12) had shown th e  5 ' - t e r m in a l  
to  be M* But b ecau se  th e  d in u c le o t id e  t r a v e le d  beyond th e  x y le n e  
cy an o l d y e , c a l c u l a t i o n  o f a  M v a lu e  can n o t be  u sed  to  d e te rm in e  th e
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F ig . 14. A u to ra d io g ra p h  o f  th e  sequence a n a ly s e s  by one­
d im e n s io n a l DEAE-paper e le c t r o p h o r e s i s  a t  pH 1 .9  
o f  th e  p a r t i a l  SVP d ig e s t  o f (a) t l l b ,  *p#AG and 
(b) i t s  hom ologous c o u n te rp a r t  from  b e e f  l i v e r  
tRNAPhe ru n  s id e  by s id e  t o  v e r i f y  t h a t  th e  two 
o l ig o n u c le o t id e s  have i d e n t i c a l  seq u e n c es . The 
dashed  c i r c l e  g iv e s  th e  lo c a t io n  o f  th e  x y len e  
cy an o l t r a c k in g  dye. The f u l l  c i r c l e s  g iv e  
lo c a t io n  o f th e  m o n onucle tide  uv m a rk e rs .
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F ig . 15. A u to rad io g rap h s  o f th e  sequence  a n a ly s e s  by one- 
d im e n s io n a l DEAE-paper e le c t r o p h o r e s i s  a t  pH 3 .5  
o f  th e  p a r t i a l  SVP d ig e s t s  o f t 2 ,  *pCCG; t3 ,
*pAG; t 6 ,  *pCUCAG; and t 4 ,  *pt)jCG. The dashed  
c i r c l e  g iv e s  th e  lo c a t io n  o f  th e  x y len e  cyano l 
t r a c k in g  dye . The f u l l  c i r c l e s  g iv e  th e  lo c a t io n s  
o f  th e  m onom ucleotide uv m ark e rs . The numbers in  
p a r e n th e s is  f o r  th e  t6  a n a ly s is  a re  th e  M v a lu e s  
c a lc u la te d  a s  d e s c r ib e d  in  th e  t e x t .
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Ill
I n t e r n a l  r e s id u e .  S im i la r ly ,  fragm en t t2  i s  seen  to  be a  t r i ­
n u c le o t id e  w ith  a  5 1 te rm in a l  C r e s id u e ,  b u t th e  i n t e r n a l  r e s id u e  
can n o t be  d educed . The fragm en t t6  i s  seen  to  be  a  p e n ta n u c le o tid e  
w ith  a  5 ' t e r m in a l  C, and by M v a lu e  c a lc u la t io n  CAG-OH on th e  3 ’ -e n d . 
Once a g a in  th e  3 '- t e r m i n a l  o f  th e  d in u c le o t id e  d e g ra d a tio n  p ro d u c t 
can n o t be  d i r e c t l y  deduced . One way to  d e te rm in e  th e  i d e n t i t y  o f  th e  
3 '- t e r m i n a l s  o f  th e s e  d in u c le o t id e s  would be to  ru n  them a lo n g s id e  
known s ta n d a r d s .  In s te a d  we used  tw o -d im en sio n a l homochromatography 
to  s o lv e  th e s e  p ro b lem s, and as  o u r m ajo r method o f seq u en c in g .
T w o-d im ensiona l hom ochrom atography was f i r s t  a p p lie d  to  DNA 
seq u en c in g  (9 5 ,1 1 4 ,1 1 5 ) and more r e c e n t ly  h as  been  ad ap ted  to  RNA 
seq u en c in g  (7 3 ,1 1 6 ) . I t  h as  many ad v an ta g e s  over o n e -d im en sio n a l 
e l e c t r o p h o r e s i s ,  and was th e  p rim ary  method o f  sequ en c in g  u sed  in  
t h i s  p r o j e c t .  I n s te a d  o f depending  on th e  o f te n  ambiguous M v a lu e s ,  
seq u en ces  can  be d i r e c t l y  read  by th e  c h a r a c t e r i s t i c  m o b il i ty  s h i f t s  
w hich hom ologous s e r i e s  o f  d e g ra d a tiv e  p ro d u c ts  d is p la y  in  t h i s  tw o- 
d im e n s io n a l sy stem . F u rth e rm o re , la r g e  o l ig o n u c le o t id e s  (a s  la r g e  a s  
15 o r  m ore) can  b e  sequenced  u s in g  t h i s  m ethod. E x p erim en ta l d e t a i l s  
have been  g iv e n  i n  M ethods.
The f i r s t  d im en sio n  i s  on c e l l u lo s e  a c e ta t e  s t r i p s  a t  pH 3 .5 . 
The m o b i l i ty  o f  an  o l ig o n u c le o t id e  in  t h i s  d im ension  i s  dependen t on 
th e  u n iq u e  c h a rg e  and m o le c u la r  w e ig h t c o n t r ib u t io n  o f i t s  com ponents. 
The r e l a t i v e  m o b i l i ty  o f  a s e r i e s  o f  homologous p a r t i a l  d e g ra d a tio n  
p ro d u c ts  i s ,  t h e r e f o r e ,  a fu n c t io n  o f th e  n u c le o t id e  by w hich they  
d i f f e r .  The rem oval o f  a  5 '- n u c le o t i d e  r e s u l t s  in  in c re a s e d  o r
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d e c re a se d  e l e c t r o p h o r e t i c  m o b il i ty  f o r  th e  rem ain ing  o l ig o n u c le o t id e ,  
and t h i s  d i f f e r e n c e  in  m o b i l i ty  i s  a fu n c t io n  o f th e  average ch arg e  
o f  th e  n u c le o t id e  rem oved. The a v e rag e  ch arg e  o f each  n u c le o t id e  
can be c a lc u la te d  knowing i t s  pKa u s in g  th e  H enderson-H asselbach 
e q u a tio n , pH = pKa + lo g  an(* assum ing th e  c o n tr ib u tio n  o f  th e
p h o sp h a te  i s  -1  a t  t h i s  pH. T ab le  8 l i s t s  th e  pK a 's  of th e  fo u r  
m ajo r 5*- n u c le o t id e s  and t h e i r  c a lc u la te d  av e rag e  charge a t  pH 3 .5 . 
The n e t  m o b i l i ty  c o n t r ib u t io n  o f a  n u c le o t id e  to  i t s  p a re n t o l ig o ­
n u c le o t id e  i s  a  r e s u l t  o f  charge  and mass e f f e c t s  where n e g a tiv e  
ch arg e  in c r e a s e s  m o b i l i ty  and mass had a d rag  e f f e c t  (7 3 ). The 
p re se n c e  o f  th e  n u c le o t id e  pU, w hich h as  th e  l a r g e s t  n e g a tiv e  c h a rg e , 
c au ses  th e  g r e a t e s t  in c r e a s e  in  th e  e le c t r o p h o r e t i c  m o b ili ty  o f  i t s  
p a re n t  o l ig o n u c le o t id e .  (The rem oval o f  pU, th e r e f o r e ,  cau ses  th e  
g r e a t e s t  d e c re a s e  in  m o b i l i t y . )  The e f f e c t s  o f th e  p re sen ce  and 
rem oval o f pG re sem b le  t h a t  o f  pU e x c e p t t h a t  th ey  a re  l e s s  ex trem e 
becau se  pG h as  a  s l i g h t l y  s m a lle r  n e t  n e g a t iv e  c h arg e . On th e  o th e r  
hand th e  p re se n c e  o f  pC w ith  i t s  v e ry  sm a ll n e g a tiv e  charge u s u a l ly  
slow s i t s  p a re n t  o l i g o n u c le o t id e 's  m o b i l i ty  becau se  i t s  mass 
c o n t r ib u te s  more d ra g  th a n  i t s  ch arg e  can com pensate f o r .  An 
e x c e p tio n  o c c u rs  when th e  p a re n t  o l ig o n u c le o t id e  i s  on ly  s l i g h t l y  
ch a rg ed , and th e  s m a ll ch arg e  o f pC makes a  s u b s t a n t i a l  in c r e a s e  in  
t o t a l  c h a rg e . For exam ple, th e  m o b i l i ty  o f  pCC i s  s l i g h t l y  g r e a t e r  
th an  th a t  o f  pC (7 3 ) . The e f f e c t  o f  pA on th e  m o b il i ty  o f  i t s  
p a re n t  o l ig o n u c le o t id e  i s  m inim al b ecau se  i t s  p a r t i a l  n e t  n e g a t iv e  
ch arg e  e f f e c t i v e l y  b a la n c e s  th e  d rag  e f f e c t  due to  i t s  m ass.
113
The second  d im ension  o f  t h i s  system  I s  hom ochrom atography (76) 
on D E A E -cellu lose  t h in  l a y e r  p l a t e s  a t  pH 4 .7 .  Homochromatography i s  
a  ty p e  o f  d is p la c e m e n t chrom atography w here th e  RNA frag m en ts  in  th e  
homomix ( s e e  M ethods) d is p la c e  s im i l a r ly  s iz e d  frag m en ts  on th e  p l a t e  
r e s u l t i n g  in  a  f r a c t i o n a t i o n  b a sed  on s i z e  w ith  s m a l le r  frag m en ts  
t r a v e l in g  f u r t h e r  th a n  l a r g e r  f rag m e n ts . The rem oval o f  a te rm in a l  
p u r in e  r e s id u e  c a u se s  a l a r g e r  m o b il i ty  s h i f t  th an  th e  rem oval o f  a 
te r m in a l  p y r im id in e  due to  d i f f e r e n c e s  in  m ass. T h is  d i f f e r e n t i a l  
v e r t i c a l  d is ta n c e  depend ing  on c l a s s  o f  n u c le o t id e  removed i s  
i l l u s t r a t e d  in  F ig . 16. T h is  phenomenon p ro v id e s  a  co n v en ien t 
c o n f irm a tio n  o f sequence  a ss ig n m en ts  b ased  on th e  h o r iz o n ta l  component 
o f a n g u la r  m o b i l i ty  s h i f t s .  For exam ple, i f  a  hom ochrom atograph shows 
a t y p i c a l  U "jum p" in  th e  h o r iz o n ta l  d i r e c t i o n  betw een an o l ig o ­
n u c le o t id e  and i t s  f i r s t  d e g ra d a tio n  p ro d u c t in  a homologous s e r i e s ,  
th e  v e r t i c a l  component sho u ld  have a m o b il i ty  s h i f t  w hich has a 
p y r im id in e  c h a r a c te r .
I t  sh o u ld  be em phasized th a t  th e  rem oval o f  a  n u c le o t id e  from 
i t s  p a re n t  o l ig o n u c le o t id e  h a s  th e  o p p o s ite  e f f e c t  on e le c t r o p h o r e t i c  
m o b i l i ty  a s  i t s  p re s e n c e  h ad . The e f f e c t s  o f  th e  rem oval o f  th e  fo u r  
m ajo r 5 ' n u c le o t id e s  on th e  t y p i c a l  o l ig o n u c le o t id e  in  te rm s of 
a n g u la r  m o b i l i ty  s h i f t s  in  th e  two d im e n s io n a l hom ochrom atography 
system  a re  sum m arized in  F ig . 16.
I t  sh o u ld  be n o te d  t h a t  m o d if ied  n u c le o t id e s  do n o t 
n e c e s s a r i l y  e x h ib i t  th e  same c h a r a c t e r i s t i c  a n g u la r  m o b i l i ty  s h i f t s  
a s  do t h e i r  p a r e n ts  upon rem o v a l. Those m o d if ic a t io n s  w hich r e s u l t
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T ab le  8 . The p K a 's  (47) and A verage Charge (pH 3 .5 )  o f  th e  
5 '-M onophosphate  N u c le o tid e s
N u c le o tid e pKa A verage Charge ( 7 ) ,  pH 3 .5
pU — -1
pG 2 .4 -0 .9 3
pA 3 .7 4 -0 .3 4
pC 4 .5 -0 .1 0
F ig . 16. E f f e c t s  o f  rem oval o f  n u c le o t id e s  on e l e c t r o p h o r e t i c
m o b il i ty  o f  p a re n t  o l ig o n u c le o t id e s  in  tw o -d im en sio n a l 
hom ochrom atography (a n g u la r  m o b il i ty  s h i f t s ) .  V e r t i c a l  
d i f f e r e n c e s  (second  d im ension ) in  m o b il i ty  betw een 
rem oval o f  p u r in e s  (pu) and p y r im id in e s  (py) (7 3 ,1 1 6 ) .







In  th e  change o f th e  n e t  charg e  o f th e  n u c le o t id e  e s p e c i a l l y  show 
u n iq u e  a n g u la r  m o b il i ty  s h i f t s .  As more and more work I s  b e in g  done 
u s in g  t h i s  te c h n iq u e , a  l i b r a r y  o f c h a r a c t e r i s t i c  s h i f t s  f o r  th o s e  
n u c le o t id e s  w hich have un iq u e  s h i f t s  i s  b e in g  b u i l t  up . On th e  o th e r  
han d , c e r t a i n  m o d if ied  b a se s  show l i t t l e  o r  no d e te c ta b le  d i f f e r e n c e  
o f a n g u la r  m o b il i ty  s h i f t s  from  t h e i r  p a re n t  n u c le o t id e s .  For 
exam ple, a U "jum p" canno t be d is t in g u is h e d  from a D, T, o r  lj/ " jum p ."  
T h is ,  in  f a c t ,  p o in ts  o u t th e  m ajo r w eakness in  th e  tw o -d im en sio n a l 
hom ochrom atography te c h n iq u e , i . e .  th e  te c h n iq u e  does n o t p ro v id e  
unam biguous i d e n t i f i c a t i o n  o f  each  r e s id u e  and o f te n  c o r ro b o ra to ry  
ev id en c e  from  b a se  co m p o sitio n  a n a ly s i s ,  o n e -d im e n s io n a l e l e c t r o ­
p h o re s is  a lo n g s id e  known s ta n d a rd s ,  o r even a d i f f e r e n t  seq u en c in g  
te c h n iq u e  such a s  R a n d e ra th 's  ch em ica l t r i t i u m  l a b e l l i n g  method (22) 
i s  needed to  make a f i n a l  sequence a ss ig n m en t.
A s p e c ia l  problem  a r i s e s  when an o l ig o n u c le o t id e  c o n ta in s  a 
r e s id u e  w hich i s  s e n s i t i v e  to  pH changes e n co u n te re d  in  p ro c e s s in g .
For exam ple, under a lk a l in e  c o n d it io n s  such a s  a re  n e c e s s a ry  f o r  snake
1 6 venom p h o s p h o d ie s te ra se  d i g e s t i o n s ,  m A p a r t i a l l y  is o m e r iz e s  to  m A
(1 1 7 ,1 1 8 ) . T h is  le a d s  to  two s e t s  o f  d ig e s t io n  p a t t e r n s  th u s  m aking 
th e  re a d in g  o f  a n g u la r  m o b il i ty  s h i f t s  a m a tte r  o f  g u ess  work..
M ethods have been  dev elo p ed  f o r  d e a l in g  w ith  su ch  problem  o l ig o ­
n u c le o t id e s  and a re  d is c u s s e d  in  th e  fo llo w in g  s e c t io n .
D e v ia tio n s  from  c h a r a c t e r i s t i c  a n g u la r  m o b i l i ty  s h i f t s  o ccu r 
in  lo n g  frag m en ts  w hich , b ecau se  o f t h e i r  g r e a t  m ass, a r e  l e s s  
re s p o n s iv e  to  th e  rem oval o f a s in g le  n u c le o t id e .  T h is  r e s u l t s  in
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r e s t r i c t e d  jumps w hich a re  more d i f f i c u l t  to  I n t e r p r e t .  T h is  p u ts
an u p p er s i z e  l i m i t  o f  20 o r  so  r e s id u e s  on th e  le n g th  w hich can be
e f f e c t i v e l y  seq u en ced .
B efo re  a c tu a l  a n a ly s i s  o f  th e  o l ig o n u c le o t id e  by tw o-
d im e n s io n a l hom ochrom atography, th e  k i n e t i c s  o f  th e  d ig e s t io n  w ere
u s u a l ly  t e s t e d  by o n e -d im e n sio n a l hom ochrom atography o f sam ples o f
each  tim e a l iq u o t  a s  d e sc r ib e d  in  M ethods. T h is  p ro c e d u re  f a c i l i t a t e d
th e  p o o lin g  o f th e  a p p r o p r ia te  tim e  a l iq u o t s  a s  w e l l  a s  q u a n t i t i e s
needed  so  t h a t  th e  tw o -d im en sio n a l hom ochroraatography would d is p la y
each  d ig e s t io n  in te rm e d ia te  in  p r o p o r t io n s  a s  e q u a l as  p o s s ib le .
F ig . 17 i s  th e  a u to ra d io g ra p h  o f a t y p i c a l  o n e -d im e n s io n a l horao-
*
chrom atography  ch eck , in  t h i s  c a s e ,  o f  th e  o l ig o n u c le o t id e  pCUCAG-OH.
At z e ro  tim e (b e fo re  a d d i t io n  o f  SVP) o n ly  a s in g le  s p o t ,  th e  p a re n t
o l ig o n u c le o t id e ,  i s  s e e n . A f te r  enzyme a d d i t io n ,  th e  v a r io u s  tim e
a l iq u o t s  d is p la y  v a ry in g  am ounts o f  each  d ig e s t io n  in te r m e d ia te .  I t
can  be seen  th a t  by p o o lin g  th e  z e r o ,  20 , and 160 m inu te  tim e
a l i q u o t s ,  a  r e p r e s e n ta t iv e  d is p la y  o f a l l  d ig e s t io n  in te rm e d ia te s
can be f r a c t i o n a t e d  in  th e  tw o -d im en s io n a l sy stem .
Most o f  th e  T^ and p a n c r e a t ic  RNase frag m en ts  o f Euglena
gracilis c y to p la sm ic  tR N A ^6 (a s  w e l l  a s  th o se  o f  th e  c h lo r o p la s t  
phetRNA ) w ere sequenced  u s in g  tw o -d im en s io n a l hom ochrom atography.
The r e s t  o f  t h i s  s e c t io n  w i l l  be d ev o ted  to  d is p la y in g  th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e s e  T^ frag m e n ts  
w hich w ere r e a d i ly  sequenced  u s in g  t h i s  te c h n iq u e . [Jim  Schnabel (27) 
sequenced  m ost o f th e  p a n c r e a t ic  KNase fra g m e n ts , and h i s  r e s u l t s  a re
F ig . 17. A u to rad io g rap h  o f th e  o n e -d im en sio n a l homo­
chrom atography  o f th e  p a r t i a l  SVP d ig e s t io n  o f 
*pCUCAG showing th e  e x te n t  o f  t h e 'd i g e s t i o n  a t  
v a r io u s  tim e s  a f t e r  enzyme d ig e s t io n .  (Zero 
tim e  i s  b e fo re  a d d i t io n  o f SVP to  th e  o l ig o ­
n u c l e o t id e . )  C ir c le s  show lo c a t io n  o f th e  
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g iv e n  In  T ab le  9 ] .  The fo llo w in g  s e c t io n  w i l l  be  d ev o ted  to  "problem " 
o l ig o n u c le o t id e s ,  and t h e i r  seq u en c in g .
The tw o -d im en s io n a l hom ochrom atographs shown below  w ere 
o b ta in e d  u s in g  th e  s ta n d a rd  c o n d it io n s  d e s c r ib e d  in  M ethods. S ince  
th e  x y len e  cy an o l t r a c k in g  dye t r a v e l s  f a s t e r  th a n  pC and pA and 
s lo w er th a n  pG and pU in  th e  f i r s t  d im en sio n , th e  p o s i t io n in g  o f  th e  
DEAE p l a t e  on th e  c e l l u lo s e  a c e ta t e  s t r i p  depended on th e  5 ' - te r m in a l  
(p re v io u s ly  d e te rm in ed ) o f  th e  o l ig o n u c le o t id e .  I f  th e  o l ig o n u c le o ­
t i d e  had a pG o r pU 5*- te r m in a l  th e  x y le n e  cy an o l dye sp o t on th e  
c e l l u lo s e  a c e ta te  s t r i p  was p o s i t io n e d  c lo s e  to  th e  l e f t  hand edge of 
th e  DEAE p l a t e ,  s in c e  i t  cou ld  be assumed t h a t  a l l  th e  o th e r  components 
o f th e  d ig e s t iv e  s e r i e s  moved f a s t e r  th a n  th e  d ye . I f  th e  5 ' - te r m in a l  
was pC o r pA, th e  x y le n e  cy an o l dye was c e n te re d  on th e  p l a t e ,  s in c e  
some com ponents would move f a s t e r  th a n  th e  dye and some s lo w er. T h is 
e x p la in s  th e  p o s i t io n  o f th e  x y le n e  cy an o l s p o ts  on th e  homo­
ch rom atographs shown w hich a r e  sym bolized  by a  B ( f o r  b lu e )  e n c i r c le d  
by dashed  l i n e s .  Each hom ochrom atograph w i l l  be d is p la y e d  a lo n g s id e  
an e x p la n a to ry  d iag ram  w hich t r a c e s  th e  a n g u la r  m o b i l i ty  s h i f t s  and 
g iv e s  t h e i r  i n t e r p r e t a t i o n  a s  to  w hich n u c le o t id e  i s  r e p re s e n te d  by 
t h i s  s h i f t .  I f  one re a d s  from  th e  sp o t w hich r e p r e s e n ts  th e  
5 ' - t e r m in a l  ( l a b e l l e d  pX w here X i s  a n u c le o t id e )  tow ard th e  
u n d ig e s te d  p a re n t  o l ig o n u c le o t id e  ( th e  lo w est r i g h t  hand s p o t ) , each 
s h i f t  can be c o n s id e re d  a s  th e  a d d i t io n  o f th e  d is p la y e d  n u c le o t id e .  
R eading in  th e  o p p o s ite  d i r e c t i o n ,  each  s h i f t  can be c o n s id e re d  to  be 
th e  rem oval o f th e  d is p la y e d  n u c le o t id e .
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F ig . 18 shows th e  tw o -d im en sio n a l homochromatograph o f  a
•k
p a r t i a l  SVP d ig e s t  o f  t 2 ,  pCCG w hich was d is p la y e d  e a r l i e r  in  t h i s  
s e c t io n  (s e e  F ig . 15) a s  b e in g  an a ly zed  f o r  sequence by one­
d im e n s io n a l e l e c t r o p h o r e s i s ,  b u t ,  as  e x p la in e d , n o t unam biguously .
H ere th e  a ss ig n m en t i s  co n firm ed . As e x p la in e d  above th e  m o b il i ty  o f 
pCC i s  a c tu a l ly  s l i g h t l y  g r e a te r  in  th e  f i r s t  d im ension  th a n  th e  
m o b i l i ty  o f  pC b ecau se  th e  t o t a l  n e g a tiv e  c h a rg e , though s l i g h t ,  i s  
r e l a t i v e l y  g r e a t ly  in c re a s e d .
F ig . 19 shows th e  tw o -d im en sio n a l hom ochromatograph o f th e
*
p a r t i a l  SVP d ig e s t  o f  a n o th e r  t r i n u c l e o t i d e ,  t 4 ,  pt^CG w hich , a l s o ,
was d is p la y e d  e a r l i e r  in  a o n e -d im en sio n a l e le c t r o p h o r e t i c  a n a ly s i s
which was n o t c o n c lu s iv e .  Once a g a in  th e  sequence  i s  h e re  con firm ed
in  t h i s  sy stem . I t  i s  i n t e r e s t i n g  to  compare F ig . 18 and F ig . 19.
In  th e  l a t t e r  th e  a d d i t io n  o f a pC slow s th e  o l ig o n u c le o t id e 's
m o b i l i ty  in  th e  f i r s t  d im ension  r a th e r  th an  in c r e a s in g  i t  l i k e  in  th e
fo rm er. T h is  i s  b e ca u se  th e  a d d i t io n a l  ch arg e  added by pC i s  so
s l i g h t  compared to  th e  f u l l  ch arg e  o f  p<p t h a t  th e  a d d i t io n a l  mass
added by pC i s  th e  o v e r r id in g  f a c to r  r a th e r  th an  c h arg e .
F ig . 20 and F ig . 21 show th e  tw o -d im en sio n a l hom ochrom atographs
o f  p a r t i a l  SVP d ig e s t s  o f  frag m en ts  t i l  and t l l b .  As e x p la in e d
* 2 &
e a r l i e r  (s e e  p . 71) th e s e  frag m en ts  pCn^GMG and r e s p e c t iv e ly
a re  th e  r e s u l t  o f  d i f f e r e n t  RNase d ig e s t io n s  w hich due to  some
d i f f e r e n c e  in  r e a c t io n  c o n d it io n s  e i t h e r  were a b le  to  o r  co u ld  n o t 
2
c le a v e  n^G. I t  may be n o te d  th a t  th e  a n g u la r  m o b il i ty  s h i f t s  o f th e  
s p o ts  to  th e  r i g h t  o f  th e  b lu e  dye in  F ig . 20 a re  s im i la r  to  th o se  in
F ig . 18. A u to ra d io g ra p h  and e x p la n a to ry  t r a c in g  o f th e  two 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f  t 2 ,  *pCCG. Dashed c i r c l e  
shows lo c a t io n  o f th e  x y le n e  cy an o l dye.
I
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F ig . 19. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f  th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f  t 4 ,  *p^CG. *. Dashed c i r c l e  
shows lo c a t io n s  o f th e  x y le n e  cy an o l dye.

F ig . 20. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f t i l ,  *pCm^Gij/ij;AG. The dashed  
c i r c l e  shows th e  lo c a t io n  o f th e  x y le n e  cy an o l dye.

F ig . 21. A u to ra d io g ra p h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f  th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f t l l b ,  *p#A G . Dashed c i r c l e  
shows th e  l o c a t io n  o f th e  x y le n e  cy an o l dye.
m
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F ig . 21 though  th e  jum ps a re  more r e s t r i c t e d .  T h is  i l l u s t r a t e s  th e  
p r i n c i p l e  d e s c r ib e d  above t h a t  th e  lo n g e r  an o l ig o n u c le o t id e ,  th e  
l e s s  re s p o n s iv e  i t  i s  to  th e  l o s s  o f  a  s in g le  n u c le o t id e .
F ig s . 22 , 2 3 , and 24 show th e  hom ochrom atographs o f  th e  
p a r t i a l  SVP d i g e s t s  o f  frag m e n ts  t 6 ,  t 9 ,  and tlO  r e s p e c t iv e ly .  The 
sequence  a n a ly s i s  o f  t6  by o n e -d im e n s io n a l e l e c t r o p h o r e s i s  o f  th e  
p a r t i a l  SVP d ig e s t  h as  been  p re v io u s ly  d is p la y e d  (se e  F ig . 1 5 ) . Once 
a g a in  tw o -d im en s io n a l hom ochrom atography was n e c e s sa ry  f o r  
c o n f irm a tio n .
D. Sequencing  o f O lig o n u c le o tid e s  C o n ta in in g  "Problem 11 M odified  
B ases
1 . S equencing  o f  th e  T^ and P a n c r e a t ic  RNase G enera ted
A n tic o d o n -C o n ta in in g  F ragm ents Which C on ta in  th e  "Y" Base
The T RNase g e n e ra te d  a n tic o d o n  c o n ta in in g  fragm ent of 
Euglena gracilis c y to p la sm ic  tRNA^*16, t l 2 ,  o c c u p ie s  th e  same p o s i t io n  
on th e  f i n g e r p r i n t  as  th e  hom ologous b e e f  l i v e r  tR N A ^e o l ig o ­
n u c le o t id e .  I t  was t h e r e f o r e ,  i n i t i a l l y  assum ed th a t  th e s e  two 
frag m e n ts  co u ld  have s im i l a r  o r  i d e n t i c a l  seq u e n c es . Base co m p o sitio n  
a n a ly s is  o f th e  Euglena a n t ic o d o n -c o n ta in in g  T^ frag m en t confirm ed  
t h a t  t h i s  was l i k e l y  (s e e  T ab le  3 ) .  When p a r t i a l  SVP d ig e s t s  o f 
th e  Euglena and ’b e e f  l i v e r  frag m e n ts  w ere run  s id e  by s id e  in  th e  
o n e -d im e n s io n a l e l e c t r o p h o r e s i s  system  a t  pH 1 .9 ,  s im i l a r  p a t t e r n s  
w ere see n . However, b ecau se  th e s e  frag m e n ts  a re  15 n u c le o t id e s  lo n g , 
crow ding n e a r  th e  o r ig i n  made a c tu a l  sequence  a n a ly s i s  im p o ss ib le  by 
t h i s  te c h n iq u e .
F ig . 22. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f  t 6 ,  *pCUCAG. The dashed 








F ig . 23. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f  th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f t 9 ,  *pTipCG.. The dashed 




F ig . 2k. A u to ra d io g ra p h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f  t lO , *pACUUAm2G. The dashed 




S e v e ra l  p rob lem s a ro s e  a s s o c ia te d  w ith  th e  seq u en c in g  o f t h i s  
o l ig o n u c le o t id e  due to  th e  p re se n c e  o f  th e  "Y" b ase  (s e e  F ig . 2 6 ) .  
F in g e r p r in t s  w hich had been  o b ta in e d  u s in g  DEAE-paper ru n  a t  pH 1 .9  
In  th e  second d im en sio n  showed fu z z y , i n d i s t i n c t  t l 2  s p o ts .  T h is  was 
b e ca u se  th e  Y b a se  i s  a c id  l a b i l e .  Zachau (119) d em o n stra ted  t h a t  
m ild  tre a tm e n t  o f  tRNA1**10 w ith  a c id  (pH 2 .9 ,  37° C, 3 -4  h o u rs )  w i l l  
c au se  some e x c is io n  o f  th e  Y b a se  from  th e  tRNA w ith o u t b re a k in g  th e  
c h a in . I t  c o u ld , th e r e f o r e ,  be  assumed t h a t  a  g re a t  amount o f  
e x c is io n  o c c u rs  d u r in g  a s ta n d a rd  f i n g e r p r in t i n g .  To a l l e v i a t e  t h i s  
problem  we used  th e  c e l lo g e l- P E I  TLC f in g e r p r in t i n g  te c h n iq u e  (s e e  
M ethods) to  p u r i f y  t l 2 .  T h is  had two a d v a n ta g e s . F i r s t ,  th e  c e l l o g e l  
gave more d i s t i n c t ,  com pact s p o ts ,  in  e f f e c t ,  s e p a r a t in g  th e  o l ig o ­
n u c le o t id e s  s t i l l  c o n ta in in g  Y b a se  from  th o s e  w ith in  which i t  was
d eg rad ed . S eco n d ly , th e  PEI p l a t e s  w ere run  a t  a  h ig h e r  pH
(p y rid in iu m  fo rm a te , pH 3 .4 )  r e s u l t i n g  in  l e s s  d e g ra d a tio n  (se e  
F ig . 2 5 ).
S e v e ra l  d i f f e r e n t  s t r u c t u r a l  form s o f th e  Y b a se  have been  
c h a r a c te r iz e d  from  th e  tRNAP^ e s  o f s e v e r a l  s p e c ie s  (1 2 0 ). The so 
c a l l e d  "p ero x y  Y" b a se  o f  mammalian l i v e r  and w heat germ i s
i l l u s t r a t e d  in  F ig . 26. The Y b a se  o f  Euglena c y t .  tRNAP^ e h as  n o t
been c h a r a c te r iz e d .  I f  i t  tu r n s  o u t to  be th e  "peroxy" Y of 
mammalian l i v e r  and w heat germ tRNAP^ e w ith  w hich i t  s h a re s  so many 
o th e r  s t r u c t u r a l  f e a t u r e s ,  th e n  v a r io u s  ch em ica l d e g ra d a tio n s  o f  th e  
b a s e 's  e x te n s iv e  s id e  c h a in  can be e n v is io n e d  d u r in g  p ro c e s s in g  f o r  
se q u e n c in g . For exam ple, h y d ro ly s is  o f  th e  e s t e r  g roups m ight o ccu r
F ig . 25. A u to ra d io g ra p h  o f  P E I - c e l lu lo s e  f i n g e r p r in t  o f
T i RNase g e n e ra te d  o l ig o n u c le o t id e s  from  Euglena 
gracilis c y to p la sm ic  tRNAP^e . Dashed c i r c l e  
r e p r e s e n ts  l o c a t io n  o f th e  x y le n e  cy an o l dye. 
T h is  m ethod o f  f i n g e r p r i n t i n g  was u t i l i z e d  to  
i s o l a t e  t l 2  (se e  t e x t ) . The s p o t number a s s ig n ­
m ents w ere made in  th e  m ost p a r t  by com parison 
w ith  th e  f i n g e r p r i n t  in  F ig . 10.
F ig . 26. S t r u c tu r e  o f th e  "p ero x y "  Y b a se  o f  b e e f  l i v e r  
and w heat germ tRNAPhes (1 2 9 ).
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P i g .  25
C.B #.Vt2G - 6 - P
P i e .  26
CH
CH
e i t h e r  d u r in g  th e  second  d im ension  o f f i n g e r p r in t in g  a t  pH 1 .9  o r  
d u r in g  sn ak e  venom d ig e s t io n s  a t  pH 8 .9 .  F u rth e rm o re , th e  p re se n c e  
o f  d i t h i o t h r e i t o l  d u r in g  th e  p o ly n u c l to t id e  k in a s e  r e a c t io n  would 
re d u c e  th e  p e roxy  g ro u p . I t  sh o u ld  be re -em p h asized  t h a t  such  s id e  
r e a c t io n s  a re  c o n je c tu r a l  s in c e  th e  a c tu a l  s t r u c t u r e  o f  th e  Euglena 
c y t .  tRNA Y b a s e  h a s  n o t  been  c h a r a c te r iz e d .  However, d u rin g  
seq u en ce  a n a ly s i s  by tw o -d im en s io n a l hom ochrom atography th e  re g io n  o f 
th e  hom ochrom atograph c o n ta in in g  th e  Y b a se  was o f te n  fu z z y , o r 
som etim es th e  Y b a se  was e n t i r e l y  m is s in g , th u s  su g g e s tin g  e x te n s iv e  
d e g ra d a tio n .
A nother p rob lem  a ro s e  due to  th e  f a c t  t h a t  th e  Y b a se  i n h i b i t s  
th e  a c t io n  o f  sn ak e  venom p h o s p h o d ie s te ra se  (1 1 1 ) . To o b ta in  th e  
co m ple te  s e r i e s  o f  homologous d e g ra d a tio n  p ro d u c ts  from t l 2  i t  was 
n e c e s s a ry  to  s u b je c t  t h i s  frag m en t b o th  to  SVP and n u c le a s e  p a r t i a l  
d ig e s t io n s  in d e p e n d e n tly  and combine th e  p ro d u c ts  f o r  tw o -d im en s io n a l 
hom ochrom atography.
A t h i r d  p rob lem  a s s o c ia te d  w ith  th e  sequence  d e te rm in a tio n  o f 
t h i s  frag m en t was i t s  le n g th .  T w o-dim ensional hom ochrom atography on 
s h o r t  p l a t e s  (s e e  M ethods) gave u n d e c ip h e ra b le  in fo rm a tio n  in  th e  
lo w er re g io n  o f  th e  hom ochrom atograph c o n ta in in g  th e  lo n g e r  o l ig o ­
n u c le o t id e s  b e ca u se  th e y  w ere to o  crow ded. On th e  o th e r  hand , one 
su ch  p l a t e  gave u s  a c c u ra te  sequence  in fo rm a tio n  f o r  th e  f i r s t  te n  
n u c le o t id e s  ( s t a r t i n g  from  th e  5 '- e n d )  in c lu d in g  a  t y p i c a l  Y jump 
(s e e  F ig . 2 7 ) . In  o rd e r  to  z e ro  in  on th e  lo n g e r  fra g m e n ts , we used  
a  lo n g  p l a t e  (se e  M ethods) and g o t a c c u ra te  sequence  in fo rm a tio n  on
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F ig . 27. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f  th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  combined 
p a r t i a l  SVP and N u c lease  d ig e s t io n s  o f  t l 2 ,  
pACroUGmAAYAiJjCUAAAG. The dashed  c i r c l e  r e p r e s e n ts  
th e  lo c a t io n  o f  th e  x y le n e  cy an o l dye . The second 
d im ension  was run  on a  s h o r t  DEAE p la t e  
(20 x 20 cm).
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th e  l a s t  e ig h t  n u c le o t id e s  ( te rm in a tin g  In  th e  3 ' - e n d ) .  In  t h i s  
p a r t i c u l a r  hom ochrom atograph th e  Y b ase  was co m p le te ly  m is s in g  (s e e  
F ig . 2 8 ) . However, by com bining th e  In fo rm a tio n  from  th e s e  two 
e x p e rim en ts  a  co m ple te  seq uence  assignm en t was made. W ith t h i s  
In fo rm a tio n  p lu s  th e  b a se  co m p o sitio n  a n a ly s is  (s e e  T ab le  3 ) ,  we 
co ncluded  th a t  th e  a n tic o d o n -c o n ta in in g  T^ fragm ent from 
c y t .  tRNA was i d e n t i c a l  to  th e  homologous fragm ent in  mammalian 
l i v e r  tR N A ^6 .
(In  an a d d i t io n a l  ex p erim en t we de term in ed  th a t  th e  e x t r a  
s p o t seen  in  b o th  F ig . 27 and F ig . 28 below  th e  p a re n t  o l ig o n u c le o t id e  
i s  n o t p a r t  o f  th e  seq uence  by ru n n in g  tw o -d im en sio n a l homochroma­
to g ra p h y  on u n d ig e s te d  t l 2  frag m e n t, and n o tin g  th a t  t h i s  e x t r a  sp o t 
was p r e s e n t .  I t  c o u ld  be a  breakdown p ro d u c t o f  t l 2 ,  such  a s  t l 2  
w ith  e x c is e d  Y b a s e .)
S im i la r ly ,  th e  p a n c r e a t ic  RNase a n tic o d o n  c o n ta in in g  frag m en t 
p l3 ,  pGmAAYAi|> had caused  d i f f i c u l t i e s  in  seq u en c in g  due to  th e  
p re se n c e  o f th e  Y b a se . S ta n d a rd  f i n g e r p r in t in g  gave p l3  s p o ts  w hich 
w ere ex tre m e ly  d i f f u s e .  In  o rd e r  to  g e t a  more compact sp o t on th e  
f i n g e r p r i n t ,  a  c e l l o g e l  s t r i p  (s e e  M ethods) was used  in  th e  f i r s t  
d im en sio n  r a t h e r  th a n  c e l l u l o s e  a c e t a t e .  The sp o t was e lu te d  from  
th e  f i n g e r p r i n t ,  i t s  p u r i t y  checked by o n e -d im e n s io n a l homochroma­
to g ra p h y  o f an a l i q u o t ,  and two p a r t i a l  d ig e s t s — one w ith  SVP and one 
w ith  N u c lease  — ru n  in d e p e n d e n tly . The a p p ro p r ia te  a l i q u o t s  w ere 
com bined ( a f t e r  ch eck in g  by o n e -d im e n s io n a l hom ochrom atography) and 
th e  p o o led  a l i q u o t s  w ere s u b je c te d  to  tw o -d im en sio n a l
F ig . 28. A u to ra d io g ra p h  and e x p la n a to ry  t r a c in g  o f  th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  combined 
p a r t i a l  SVP and N u c lease  P^ d ig e s t io n s  o f t l 2 ,  
*pACmUGmAAYAiJjCUAAAG. The dashed  c i r c l e  r e p r e s e n ts  
th e  lo c a t io n  o f th e  x y le n e  cy an o l dye . The second 
d im en sio n  was ru n  on a lo n g  DEAE p l a t e  (20 x 40 cm ). 
The in fo rm a tio n  o b ta in e d  from  t h i s  a u to ra d io g ra p h  
and th e  one i l l u s t r a t e d  in  F ig . 27 gave us enough 
in fo rm a t io n  to  e s t a b l i s h  th e  e n t i r e  sequence  o f t l 2 .
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hom ochrom atography (w ith  a  c e l l o g e l  s t r i p  in  th e  f i r s t  d im e n s io n ) .
The r e s u l t i n g  hom ochrom atograph gave th e  ex p ec ted  r e s u l t s  (s e e  
F ig . 2 9 ).
2 . S equencing  o f F ragm ents C o n ta in in g  m^A o r m^G
The p re s e n c e  o f th e  m o d if ied  n u c le o t id e s  m^A o r  ro^G in  an
o l ig o n u c le o t id e  c o m p lic a te s  seq u en c in g  f o r  two re a s o n s . F i r s t ,  b o th
th e s e  n u c le o t id e s  have pKa v a lu e s  h ig h e r  th a n  7 .0  (1 2 1 ) , and a t
pH 3 .5  ( th e  pH o f th e  f i r s t  d im ension  in  tw o -d im en sio n a l homochroraa-
to g rap h y ) b o th  th e s e  n u c le o t id e s  have f u l l  p o s i t i v e  c h a rg e s . The
p re se n c e  o f  th e s e  n u c le o t id e s  w i th in  an o l ig o n u c le o t id e ,  th u s  cau se s
u n c h a r a c t e r i s t i c  a n g u la r  m o b i l i ty  s h i f t s  (a s  w i l l  be d is c u s s e d  b e lo w ).
T h e re fo re , p re v io u s  know ledge o f  th e  e x is te n c e  o f th e s e  n u c le o t id e s
in  an o l ig o n u c le o t id e  i s  n e c e s s a ry  f o r  p ro p e r  i n t e r p r e t a t i o n  o f th e
1 7hom ochrom atographs. S eco n d ly , b o th  m A (67) and m G (21) p a r t i a l l y  
iso m e riz e  u n d er a lk a l in e  c o n d it io n s  (such  a s  d u r in g  SVP d ig e s t io n s ,  
pH 8 .9 )  to  compounds w hich do n o t  c o n ta in  p o s i t i v e l y  ch arged  r in g  
System s. When i s o m e r iz a t io n  h a s  been  e x te n s iv e ,  two s e t s  o f 
d ig e s t io n  p a t t e r n s  ap p ea r on th e  hom ochrom atograph w hich a re  
in d i s t in g u i s h a b le .
I n t e r p r e t a t i o n  o f  th e  u n u su a l a n g u la r  m o b il i ty  s h i f t s  caused  
by th e  p re se n c e  o f e i t h e r  o f  th e s e  n u c le o t id e s  in  an o l ig o n u c le o t id e  
i s  based  on th e  know ledge t h a t  b ecau se  o f  t h e i r  h ig h  pKa v a lu e s  t h e i r  
p re se n c e  h as  an o p p o s i te  e f f e c t  in  b o th  d im en sio n s  compared to  o th e r  
n u c le o t id e s .  In  th e  f i r s t  d im ension  on c e l l u lo s e  a c e ta t e  s t r i p s  a t
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F ig . 29. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  combined 
p a r t i a l  SVP and N uclease  P i  p ro d u c ts  o f  p l3 ,  
*pG®AAYAi .^ The dashed  c i r c l e  r e p r e s e n ts  th e  
lo c a t io n  o f th e  x y len e  cy an o l dye.
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pH 3 .5  th e s e  two n u c le o t id e s  have p o s i t iv e  ch a rg e s , and t h e i r
a d d i t io n  to  an o l ig o n u c le o t id e  d ra m a t ic a l ly  slow s i t s  m o b i l i ty .  The
second d im en s io n , hom ochrom atography on D EA E-cellulose p l a t e s  a t
pH 4 .7  u s u a l ly  s e p a r a te s  o l ig o n u c le o t id e s  on th e  b a s i s  o f c h a in
le n g th  w ith  th e  s h o r t e r  frag m en ts  o f  a  s e r i e s  moving f a s t e r  th a n  th e
lo n g e r  f ra g m e n ts . The a d d i t io n  o f  e i t h e r  o f th e se  n u c le o t id e s  to  an
o l ig o n u c le o t id e ,  how ever, d e c re a se s  i t s  t o t a l  n e g a tiv e  charg e  and ,
t h e r e f o r e ,  makes i t  move f a s t e r  in  th e  second d im ension . The o v e r a l l
r e s u l t  in  two d im en sio n s  i s  t h a t  th e  a d d i t io n  o f e i t h e r  o f  th e se
n u c le o t id e s  to  an o l ig o n u c le o t id e  cau ses  i t  to  move d ra m a tic a l ly
s lo w er in  th e  f i r s t  d im ension  and f a s t e r  in  th e  second (7 5 ) . T h is  i s
* 7i l l u s t r a t e d  in  F ig . 30a f o r  th e  p 8 ' frag m e n t, pAAAGm GD from 
mammalian l i v e r  tRNA^J16
7 1The p re s e n c e  o f m G o r  m A a t  th e  5 '-e n d  o f an o l ig o ­
n u c le o t id e  a ls o  h a s  a  p e rc e p ta b le  e f f e c t  on an g u la r  m o b il i ty .  The 
* 7 * 15 ' -en d  pm G o r  pm A a c tu a l ly  m ig ra te s  tow ard th e  ca th o d e  (75) and ,
th e r e f o r e ,  i s  u s u a l ly  n o t seen  on th e  hom ochrom atography. The e n t i r e
d ig e s t io n  s e r i e s  m ig ra te s  s lo w er b ecau se  o f  th e  p re se n c e  o f  e i t h e r  o f
th e s e  n u c le o t id e s  a t  th e  5 ' -e n d , and i t s  p re sen c e  may cause
u n c h a r a c t e r i s t i c  m o b i l i ty  s h i f t s  in  th e  a d d i t io n  o f o rd in a ry
n u c le o t id e s .  T h is  i s  d r a m a t ic a l ly  i l l u s t r a t e d  in  F ig . 31 f o r  th e  
* 7t7  fra g m e n t, pm GUCCCUG. As d is c u s s e d  in  a p re v io u s  s e c t io n ,  th e  
a d d i t io n  o f  C u s u a l ly  slow s an o l ig o n u c le o t id e  in  th e  f i r s t  d im ension  
b ecau se  th e  d ra g  caused  by th e  a d d i t io n a l  mass i s  n o t s u f f i c i e n t l y  
com pensated f o r  by th e  s l i g h t  n e g a t iv e  ch arg e  o f C. In  t h i s  case
F ig . 30. A u to ra d io g ra p h s  and e x p la n a to ry  t r a c in g s  o f  th e  tw o- 
d im e n s io n a l hom ochrom atography of th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f th e  p a n c r e a t ic  d ig e s t io n  
g e n e ra te d  o l ig o n u c le o t id e ,  *pAAAGm^GD from b e e f  l i v e r  
tRNAPhe (a ) b e fo re  and (b) a f t e r  in c u b a t io n  in  50 mM 
ammonium b ic a r b o n a te ,  pH 9 .0  a t  85° C f o r  30 m in u te s , 
th e  dashed  c i r c l e s  r e p r e s e n t  th e  lo c a t io n  o f th e  










F ig . 31. A u to ra d io g ra p h s  o f  th e  tw o -d im en s io n a l horao-
chrom atography  o f  th e  p a r t i a l  SVP d ig e s t io n  p ro d u c ts  
o f  t 7 ,  *pm7GUCCCUG (a ) b e fo re  and (b) a f t e r  in c u b a ­
t io n  in  50 mM ammonium b ic a r b o n a te ,  pH 9 .0  a t  85° C 
f o r  30 m in u te s . The dashed  c i r c l e s  r e p r e s e n t  th e  
lo c a t io n  o f  th e  x y le n e  cy an o l dye.
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* 7how ever, th e  n e t  n e g a t iv e  c h a rg e  o f  pm GU i s  so s l i g h t  t h a t  th e
a d d i t io n a l  c h a rg e  added by th e  a d d i t io n  o f C’s  in c re a s e s  th e  m o b il i ty
o f  th e  o l ig o n u c le o t id e .  T h is  same e f f e c t  i s  seen  in  th e  homo-
* 1 5chrom atogram  o f t 5 ,  pm AUm CCCG, F ig .
The second  p rob lem , t h a t  o f  p a r t i a l  is o m e r iz a tio n  o f  m^A and 
m^G u n d er a l k a l i n e  c o n d i t io n s  to  o th e r  n o n -p o s i t iv e ly  charged  
compounds was s o lv e d  u s in g  a te c h n iq u e  d e sc rib e d  by G illum  f o r  m^A 
(7 5 ) .  N o tin g  t h a t  th e  isom er in v o lv e d , m^A, was s t a b l e  once p ro d u ced , 
and fu r th e rm o re , behaved l i k e  an A b ecau se  i t  had no p o s i t i v e  c h a rg e ,
G illum  in c u b a te d  m^A c o n ta in in g  frag m en ts  in  a lk a l in e  c o n d i t io n s ,
6 1 re s o lv e d  th e  m A d e r iv a t iv e  from  th e  rem ain ing  m A c o n ta in in g
m a te r ia l  by tw o -d im en s io n a l c e l lo g e l- P E I  f in g e r p r in t in g ,  and 
p ro ceed ed  to  a n a ly z e  p a r t i a l  d ig e s t s  by tw o-d im ensional homo­
chrom atography  .
F ig . 32 i l l u s t r a t e s  th e  d ra m a tic  improvement i n  i n t e r p r e -
1 5t a t i o n  a f fo rd e d  by t h i s  te c h n iq u e . Here t5 ,  m AUm CCCG, was in c u b a te d  
in  50 mM ammonium b ic a r b o n a te ,  pH 9 .0  a t  85° C f o r  30 m in u te s . The 
m^AUnf’cCCG iso m er th u s  c r e a te d  was i s o l a t e d  as th e  f a s t e r  moving o f 
two s p o ts  in  th e  f i r s t  d im en sio n  o f  a tw o -d im ensiona l c e l lo g e l-P E I  
f i n g e r p r i n t .  The two s p o ts ,  th e  m^A c o n ta in in g  fragm en t and th e  
m^A c o n ta in in g  frag m en t, w ere e x t r a c te d  (se e  M ethods) and a n a ly z e d  by 
tw o -d im en s io n a l hom ochrom atography o f combined p a r t i a l  SVP and 
N u c lease  P^ d i g e s t s .  As we see  in  F ig . 32a , th e  5 ’ - te r m in a l  
n u c le o t id e  i s  n o t  p r e s e n t ,  th e  d i  and t r i n u c l e o t id e s  a r e  n o t  r e s o lv e d , 
and th e  C jumps a r e  u n c h a r a c t e r i s t i c  (a s  e x p la in ed  a b o v e ) . In
F ig . 32. A u to ra d io g ra p h s  and e x p la n a to ry  t r a c in g s  o f th e  two 
d im e n s io n a l hom ochrom atography o f th e  p a r t i a l  SVP 
d ig e s t io n  p ro d u c ts  o f  t 5 ,  mlAUmScCCG (a ) b e fo re  and 
(b) a f t e r  in c u b a t io n  in  50 mM ammonium b ic a r b o n a te ,  
pH 9 .0  a t  85° C f o r  30 m in u te s . The dashed  c i r c l e s  





hom ochrom atograph b ,  th e  5 ' - t e r m in a l  m^A I s  c l e a r l y  d i s c e r n ib l e ,  and 
a l l  n u c le o t id e s  g iv e  c h a r a c t e r i s t i c  a n g u la r  m o b il i ty  jum ps.
B ecause th e  im id a z o le  r in g  o f  m^G was known to  be  l a b i l e
un d er a lk a l in e  c o n d it io n s  c r e a t in g  an open r in g  w ith  th e  bond betw een 
8 9C and N b ro k e n , le a v in g  an a ld eh y d e  and an amine fu n c tio n  and th u s  
rem oving th e  p o s i t i v e  c h a rg e , we t r i e d  th e  same c o n d it io n s  d e sc r ib e d  
above f o r  t5  f o r  t 7 ,  m^GUCCCUG. Once a g a in  a f a s t  and slow  moving 
sp o t w ere i s o l a t e d  from  th e  tw o -d im en s io n a l c e l lo g e l- P E I  f i n g e r p r i n t .  
F ig . 31 shows hom ochrom atographs o f  p a r t i a l  SVP d ig e s t s  o f  a ,  th e  
slow  moving m^G c o n ta in in g  fra g m e n t, and b ,  th e  f a s t e r  moving X 
c o n ta in in g  fra g m e n t, w here X i s  th e  open r in g  form  o f m^G. Once 
a g a in  a s  in  F ig . 32 , we se e  th e  g r e a t  im provem ent i n t e r p r e t a b i l i t y  
o f  th e  a n g u la r  m o b i l i ty  s h i f t s  once th e  p o s i t i v e  ch arg e  has been 
removed. As a r e s u l t  o f  t h i s  p a r t i c u l a r  ex p erim en t we d eveloped  a 
te c h n iq u e  w hich s u b s t a n t i a l l y  in c re a s e d  th e  s e n s i t i v i t y  o f  th e  
hom ochrom atographic te c h n iq u e ,  t h a t  i s  we found t h a t  a  frag m en t w ith  
a s  l i t t l e  a s  5 ,0 0 0  Cherenkov cpm co u ld  be seq u en ced . The f a s t  
moving X c o n ta in in g  frag m en t c o n ta in e d  o n ly  9 ,0 0 0  cpm a f t e r  e x t r a c t io n  
from  th e  PEI p l a t e .  We d isp e n se d  w ith  th e  o n e -d im e n s io n a l homo­
ch ro m ato g rap h ic  check  o f  th e  p a r t i a l  SVP d i g e s t .  A f te r  tw o- 
d im e n s io n a l hom ochrom atography, th e  p l a t e  was c o a te d  w ith  PPO by 
p o u rin g  a  7% s o lu t io n  in  d i e th y l  e th e r  o v e r i t .  A u to rad io g rap h y  f o r  
th r e e  days a t  -8 0 °  C p roduced  hom ochrom atograph b in  F ig . 31.
F ig . 30 shows th e  hom ochrom atographs o f  th e  mammalian l i v e r  
i< y
p 8 ' f ra g m e n t, pAAAGm GD (a) b e fo re  and (b) a f t e r  a lk a l in e  in c u b a t io n
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and c e l lo g e l- P E I  p u r i f i c a t i o n  a s  d e s c r ib e d  above. Homochromatograph 
a  shows th e  r e v e r s e  jump caused  by th e  a d d i t io n  o f  a  h/ g . As  can be 
s e e n , i t  would be Im p o ss ib le  to  c o r r e c t ly  i n t e r p r e t  t h i s  homo­
chrom atograph  w ith o u t p r i o r  know ledge o f th e  p re se n c e  o f  m^G. Once 
a g a in  th e  a l k a l i n e  in c u b a te d  open r in g  f o r a  g iv e s  an e a s i l y  
i n t e r p r e t e d  hom ochrom atograph ( b ) .
T ab le  9 c o n ta in s  a  summary o f  th e  o l ig o n u c le o t id e s  in  Euglena 
gracilis c y to p la sm ic  tRNA^*16 o b ta in e d  by co m ple te  and p a n c r e a t ic  
d ig e s t io n s ,  and sequenced  u t i l i z i n g  th e  m ethods in  t h i s  and th e  
p re c e d in g  s e c t io n .
E. C re a tio n  o f  O verlap  Sequences
1 . C leavage o f  th e  3 '-P h o s p h o d ie s te r  Bond A d jacen t to  m^G
The p h o s p h o d ie s te r  bond a t  th e  3 ’-en d  o f  m^G was c h e m ic a lly  
c le a v e d  (19) a s  d e s c r ib e d  in  M ethods, and th e  two h a l f  m o le c u le s  th u s  
o b ta in e d  w ere s e p a ra te d  by o n e -d im e n s io n a l p o ly a c ry la m id e  g e l  
e l e c t r o p h o r e s i s  and e lu te d ,  a l s o  a s  d e s c r ib e d .  The 5 ’ - h a l f  was 
a p p a r e n t ly  p a r t i a l l y  decom posed, and 5 ' - h a l f  o l ig o n u c le o t id e  
frag m en ts  c o n tam in a te d  th e  3 ' - h a l f  band . N e v e r th e le s s ,  q u a n t i t a t i v e  
a n a ly s is  o f T^ and p a n c r e a t ic  RNase f in g e r p r in g s  o f  th e  3 ’ - h a l f  band 
in d ic a te d  w hich frag m e n ts  w ere a c tu a l ly  from  th e  3 ' - h a l f  (30 
n u c le o t id e s  lo n g ) .  These r e s u l t s  a r e  d is p la y e d  in  F ig .  36.
2 . P a r t i a l  P a n c r e a t ic  RNase D ig e s t io n
About 1 .0  “n i t  "Euglena c y to p la sm ic  tR N A ^e was
p a r t i a l l y  d ig e s te d  w ith  p a n c r e a t ic  RNase (18) a s  d e s c r ib e d  i n  M ethods.
T a b le  9 .






t 1 CACCA 0 .6 3
t2 CCG 0.82
t 3 AG 3.10
t 4 YOG 0.76
t5 m*AUn?CCCG 0.77
t6 CUCAG 1.00
t 7 m7GlJcCCUG 0.10
t8 DDG 0.10
t 9 T4*CG 1.20
tIO ACUUAm*G 1.00
til C n fG ffA G 1.09
t!2 a c " ug" a a y -






P 1 AC 1.14
P2 GC 1.13
P3 Air?GC 1.02
P 4 GAC 0.98
P 5 miGY 0.33
P 6 Gm'AU 1.00
P 7 GGC 1.00
P 8 AAAGm7GU 0.80
P 9 AGD 0.20
PIO A*GD 0.20
Pll AGACmU 1.02
PI2 GGT a 1.23
PI3 Anticodon 0 .94
PI4 GGGAGH* 0 .7 0
PI5 GGGAGAGC 0 5 0
aThe seauence o f  p l3  i s  GrnAAYA?
F ig . 33. A u to ra d io g ra p h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f combined p a r t i a l  
SVP and N u c lease  P i  d ig e s t io n  p ro d u c ts  o f  th e  
p a r t i a l  RNase fra g m e n t, *pGGGAGAGm^GM. The dashed 





F ig . 34. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  o f th e  tw o- 
d im e n s io n a l hom ochrom atography o f  th e  combined 
p a r t i a l  SVP and N u c lease  P i  d ig e s t io n  p ro d u c ts  o f 
th e  p a r t i a l  p a n c r e a t ic  RNase fra g m e n t, *pGCCGAGUU. 
The dashed  c i r c l e  r e p r e s e n ts  th e  lo c a t io n  o f th e  
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CM
F ig . 35. A u to rad io g rap h  and e x p la n a to ry  t r a c in g  of th e  tw o- 
d im e n s io n a l hom ochrom atography o f th e  combined 
p a r t i a l  SVP and N uclease  d ig e s t io n  p ro d u c ts  o f 
th e  p a r t i a l  p a n c r e a t ic  KNase frag m e n t, *pAm2GCUCAGDD. 
The 5 ' -en d  n u c le o t id e ,  *pA, i s  n o t seen  in  t h i s  
a u to ra d io g ra p h . The dashed c i r c l e  r e p r e s e n ts  th e  





32The o l ig o n u c le o t id e s  w ere l a b e l l e d  a t  t h e i r  5 ' -e n d s  w ith  [ P] and 
re s o lv e d  by tw o -d im en s io n a l g e l  e l e c t r o p h o r e s i s  (89) a l s o  a s  d e sc r ib e d  
In  M ethods. A n a ly s is  was by t y p i c a l  tw o -d im en sio n a l homochromato­
graphy  o f com bined p a r t i a l  SVP and N u clease  d ig e s t s .  F ig s . 33 , 34, 
and 35 show th e  hom ochrom atographs o f th r e e  such  p a r t i a l  p a n c r e a t ic  
f ra g m e n ts . T hese w ere used  a s  o v e r la p  frag m en ts  to  h e lp  o rd e r  
seq u en ces  o f  s m a l le r  frag m e n ts  o b ta in e d  by com plete  T^ and 
p a n c r e a t ic  RNase d i g e s t i o n s .  F ig . 36 shows th e  p a r t i a l  p a n c r e a t ic  
f rag m e n ts  and how th e y  h e lp ed  e s t a b l i s h  th e  t o t a l  sequence o f Euglena 
c y to p la sm ic  tRNAP^ e .
3. L a b e l l in g  o f  th e  3 '-E n d  o f th e  tRNA w ith  [ ^ P ]
Dr. S. H. Chang l a b e l l e d  th e  3 ' -en d  o f  i n t a c t  Euglena
c y tp o la sm ic  tRNAP^ e by f i r s t  t r e a t i n g  i t  w ith  SVP under m ild
c o n d it io n s  to  remove p a r t  o f  i t s  3 ' - te r m in a l  CCA-OH end , and th en  
32l a b e l l i n g  w ith  [ P] a t  th e  3*-en d  u s in g  tRNA n u c le o t id y l  t r a n s f e r a s e
32in  th e  p re se n c e  o f  a - [  P]-ATP and n o n - r a d io a c t iv e  CTP a s  d e s c r ib e d  by
S i lb e r k la n g  et al. (1 2 2 ) . T w o-d im ensional hom ochrom atography o f a
32p a r t i a l  N u c lease  P^ d ig e s t io n  o f t h i s  3* — [ P ] - l a b e l l e d  tRNA 
e s ta b l i s h e d  th e  seq u en ce  o f  th e  f i r s t  13 n u c le o t id e s  from  th e  3 ' -en d  
on. These r e s u l t s  a r e  d is p la y e d  in  F ig . 36.
F. The N u c le o tid e  Sequence o f  Euglena gracilis C y top lasm ic  tRNAP^ e
The in fo rm a tio n  o b ta in e d  by th e  seq u en c in g  o f com plete  T^ and 
p a n c r e a t ic  RNase o l ig o n u c le o t id e s  (s e e  T ab le  9) p lu s  th e  seq u en c in g  
o f lo n g e r  o l ig o n u c le o t id e s  c r e a te d  a s  d e t a i l e d  above was s u f f i c i e n t  to
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F ig . 36. R e s u lts  o f  th e  seq uence  a n a ly s i s  o f  v a r io u s  o l ig o ­
n u c le o t id e s .  The sequence  a t  th e  to p  i s  t h a t  o f 
Euglena gracilis c y to p la sm ic  tRNAPhe in  l i n e a r  form . 
The frag m e n ts  shown in  (a ) th ro u g h  (d) a r e  la rg e  
o l ig o n u c le o t id e s  p roduced  by p a r t i a l  p a n c r e a t ic  
RNase d ig e s t io n .  The sequence  in  (e ) was o b ta in e d  
by a  p a r t i a l  N u c lea se  d ig e s t io n  on 3 * — [32p] — 
l a b e l l e d  tRNA. The seq uence  in  ( f )  was p la c e d  a t  
th e  3*-e n d  o f  th e  tRNA by th e  r e s u l t s  o f  th e  m?G 
c lea v a g e  e x p e r im en t. O lig o n u c le o tid e s  from com plete 
T l RNase d ig e s t io n  (g) th ro u g h  ( j ) ,  and com plete 
p a n c r e a t ic  RNase d ig e s t io n  (k) p ro v id e d  o v e r la p s  fo r  
some of th e  l a r g e r  o l ig o n u c le o t id e s .
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e s t a b l i s h  th e  e n t i r e  n u c le o t id e  sequence  o f  Euglena gracilis c y to -
p la sm ic  tRNA . F ig . 36 shows th e  r e s u l t s  o f  th e s e  a n a ly s e s .  The
sequence  a t  th e  to p  o f th e  page i s  t h a t  o f  th e  t o t a l  tRNA in  l i n e a r
form . F ragm ents (a ) th ro u g h  (d) a r e  lo n g  o l ig o n u c le o t id e s  c re a te d  by
p a r t i a l  p a n c r e a t ic  RNase d ig e s t io n .  The sequence  shown in  (e ) was
32o b ta in e d  by a  p a r t i a l  N u c lease  d ig e s t io n  on th e  3* — [ P ] - la b e l l e d  
tRNA. The sequence  shown in  ( f )  was e s ta b l i s h e d  by a n a ly s is  o f th e  
3 ' - h a l f  o f  th e  tRNA r e s u l t i n g  from  m^G c le a v a g e . O lig o n u c le o tid e s  
from  com plete  T^ RNase d ig e s t io n  (g) and com plete  p a n c r e a t ic  RNase 
d ig e s t io n  (k) a r e  s e l e c t i v e l y  shown to  p ro v id e  o v e r la p s  betw een th e  
lo n g e r  frag m e n ts .
F ig . 37 shows th e  Euglena gracilis c y to p la sm ic  tRNAphe 
sequence  in  c lo v e r l e a f  form . L ike  a l l  o th e r  tRNAs sequenced  to  
d a te ,  t h i s  tRNA*5*1 8  c o n ta in s  76 n u c le o t id e s .  T here a re  no u n u su a l 
seco n d ary  s t r u c t u r a l  f e a tu r e s  o f  t h i s  tRNA. The d ih y d ro u r id in e  arm 
c o n ta in s  16 n u c le o t id e s  and th e  v a r ia b le  loop  c o n ta in s  5 n u c le o t id e s .  
As shown in  F ig . 37 , t h i s  tRNA c o n ta in s  a la rg e  amount (18 t o t a l )  o f
m o d ified  n u c le o s id e s ,  w hich i s  t y p i c a l  o f e u k a ry o t ic  tRNAs. U nlike
mammalian tRNAP^ e , w hich c o n ta in s  a  ra^A a t  p o s i t io n  14 in  th e  D lo o p ,
pii6  1Euglena gracilis c y to p la sm ic  tRNA does n o t c o n ta in  m A a t  t h i s
p o s i t i o n ,  b u t in s te a d  h a s  a  m ix tu re  o f  A and m^A. L ike  mammalian
XtRNA , i t  c o n ta in s  a  m A a t  p o s i t io n  53 in  th e  Ti|»C lo o p . U n ique ly ,
i t  c o n ta in s  a  nf’c a t  p o s i t io n  60 in  th e  D lo o p , and a  a t  p o s i t io n  6 8
in  th e  a c c e p to r  s tem . I t s  a n tic o d o n  i s  GmAA.
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F ig . 37. The n u c le o t id e  sequence  o f Euglena gracilis tRNA 
re p re s e n te d  in  c lo v e r l e a f  form .
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We have e lu c id a te d  th e  co m ple te  n u c le o t id e  seq uence  o f Euglena
gracilis c y to p la sm ic  tRNA***1 8  (2 8 ) . Our p rim ary  re a so n  f o r  u n d e rta k in g
t h i s  p r o je c t  was to  o b ta in  a  com parison  o f  th e  sequence  o f  t h i s  tRNA
w ith  th e  sequence  o f  Euglena gracilis c h lo r o p la s t i c  tRNA***1 8  w hich we
had p re v io u s ly  sequenced  (2 7 ) . T h is  com parison  was o f  s p e c ia l
i n t e r e s t  b ecau se  th e  c h lo r o p la s t i c  seq uence  was th e  f i r s t  e lu c id a te d
o f  an o r g a n e l le  tRNA, and any c o n c lu s io n s  drawn c o n c e rn in g  th e
e v o lu t io n a ry  im p l ic a t io n s  o f  t h i s  seq uence  w ere c o n s id e re d  s p e c u la t iv e
w ith o u t th e  seq u en ce  o f  i t s  c y to p la sm ic  c o u n te r p a r t .
F ig . 38 shows in  c lo v e r l e a f  form  th e  sequence  o f  th e  tRNAsp^ e
o f  Euglena gracilis from (a ) th e  cy to p la sm  and (b) th e  c h lo r o p la s t .
p Hb ^[ In  th e  c y to p la sm ic  tRNA seq u en ce  U r e p r e s e n ts  a  d e r iv a t iv e  o f
* 6  u r id in e  (d is c u s s e d  below ) and A i s  a  m ix tu re  o f A and m A. N u c leo s id e s
shown i n  p a r e n th e s i s  a r e  th o s e  p r e s e n t  i n  b e e f  l i v e r  c y to p la sm ic
tRNA***18. In  th e  c h lo r o p la s t i c  tRNA***1 8  s t r u c t u r e  U i s  e i t h e r  a U o r  D,
*  2 6 6 A i s  m ost p ro b a b ly  ms i  A (2 -m e th y lth io -N  - is o p e n te n y la d e n o s in e )  and
Py i s  (4abu) \  (N ^-4 (2 -am ino) b u ty r y l  u r id in e )  ( 2 7 ) ] .
U n lik e  many tRNAs w hich e x i s t  in  f a m i l ie s  o f  d i s t i n c t  i s o -  
Ptl£a c c e p tin g  s p e c ie s ,  tRNA u s u a l ly  e x i s t s  a s  a  s in g le  s p e c ie s  (34) 
w i th in  th e  system  i t  o c c u p ie s . B ecause a l l  tRNAs***1 8  a r e  i n  t h i s  sen se  
hom ologous, e v o lu t io n a r y  c o n c lu s io n s  drawn from  seq u en ce  com parisons o f 
t h i s  tRNA a r e  v a l i d .
171
F ig . 38. N u c le o tid e  seq u en ces  o f  Euglena gracilis tRNAsP e 
from  (A) th e  cy to p la sm  and (B) th e  c h lo r o p la s t s  
shown in  c lo v e r l e a f  form . N u c leo s id e s  shown in  
p a r e n th e s i s  in  (A) a r e  th o s e  p re s e n t  in  b e e f  l i v e r  
c y to p la sm ic  tRNAP"e . U* and A* in  (A) and U*, A*, 





















G G G C C
(C)
,mC  U " 'a
G a A
C C U G G t  , r  
Cu*-D T + C


















C U C G



















U G G U C U A a
•  •  •










A com parison  o f th e  tw e lv e  tRNAs^ * 1 6  sequenced  to  d a te  (34) 
shows s u b s t a n t i a l  c o n s e rv a tio n . However, th e  tRNAsP^ e can be sub­
d iv id e d  in to  two g ro u p s , p ro k a ry o t ic  and e u k a r y o t ic ,  on th e  b a s i s  o f 
th e  p re se n c e  o r  ab sen ce  o f  c e r t a in  m o d ified  b a se s  and on th e  lo c a t io n
o f s p e c i f i c  n u c le o t id e s  w i th in  th e  seq u en ce . Thus " p ro k a ry o t ic "
plic 2 2 5tRNAsp u s u a l ly  la c k  th e  m o d ified  b a se s  m G, n^G, Cm, Gm, m C, Y,
and m^A w hich a r e  c o n s id e re d  c h a r a c t e r i s t i c  o f  th e  tRNAs*5*1 6  o f  th e  
e u k a ry o t ic  cy to p la sm  (s e e  F ig . 4 ) .  Some p o s i t io n s  w i th in  th e  tRNA*5*1 6  
have s p e c i f i c  p a r e n t  n u c le o t id e s  (d is re g a rd in g  p o s t - t r a n s c r i p t i o n a l  
m o d if ic a t io n s )  w hich  a r e  c h a r a c t e r i s t i c  o f  e i t h e r  e u k a ry o te  c y to ­
p la sm ic  o r  p ro k a ry o t ic  tRNAs*5*16. These a re  sum m arized in  T ab le  10.
The Euglena c y to p la sm ic  and c h lo r o p la s t i c  tRNAs*5*1 6  have a 64% 
seq u en ce  hom ology, a  f ig u r e  w hich in d ic a te s  a  r e l a t i v e l y  h ig h  d e g re e  
o f  d iv e rg e n c e . ( I t  sh o u ld  be n o te d  th a t  c a lc u la t io n s  o f  sequence  
homology ta k e  in to  a cco u n t o n ly  d i f f e r e n c e s  in  th e  p a re n t  n u c le o t id e  
o c c u r r in g  a t  hom ologous p o s i t i o n s ,  and n o t d i f f e r e n c e s  due to  p o s t -  
t r a n s c r i p t i o n a l  m o d i f ic a t io n s .)  Both th e s e  tRNAs l i k e  a l l  o th e r  
tRNAsp sequenced  to  d a te  (34) c o n ta in  76 n u c le o t id e s .  The
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c h lo r o p la s t i c  tRNAp i s  more p r o k a r y o te - l ik e  th a n  e u k a r y o te - l ik e  in  
t h a t  i t  la c k s  th e  t y p i c a l  e u k a ry o tic  tRNA*5*1 6  m o d if ied  b a s e s .  However, 
in  th e  lo c a t io n  o f s p e c i f i c  n u c le o t id e s  w ith in  th e  seq u e n c e , i t  has 
b o th  p ro k a ry o t ic  and e u k a ry o tic  c h a r a c t e r i s t i c s .  Thus a t  p o s i t i o n s  4 
and 26 , i t  h a s  n u c le o t id e s  c h a r a c t e r i s t i c  o f e u k a r y o t ic  tRNAs*5*16, and 
a t  p o s i t io n s  20 , 4 4 , 4 5 , and 60, i t  h as  n u c le o t id e s  c h a r a c t e r i s t i c  o f 
p ro k a r y o t ic  tRNAs*5*16.
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T ab le  10. P o s i t io n s  in  th e  tRNAsP^ e Which Have C h a r a c te r i s t i c  (34) 
E u k ary o te  C y top lasm ic  o r  P ro k a ry o tic  R es id u es .
P a re n t N u c le o tid e 3
P o s i t io n
Number
E u k ary o te  C y top lasm ic  
tRNAPhe
P ro k a ry o te
tRNAP3e
4 G U, C, A /n ev er G
2 0 G U
26 G A
44 A o r  U G
45 G U
60 C U
3D is re g a rd in g  p o s t - t r a n s c r i p t i o n a l  m o d if ic a t io n s
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The Euglena c y to p la sm ic  tRNAp^ e i s  a  t y p i c a l  e u k a ry o tic  tRNAp^ e 
b o th  i n  h av in g  th e  c h a r a c t e r i s t i c  m o d if ied  b a se s  a s  w e l l  a s  hav in g  
" e u k a ry o t ic "  n u c le o t id e s  a t  th e  s p e c i f i c  lo c a t io n s .  S t r ik in g ly ,  i t  
s h a r e s  a  f a r  g r e a t e r  seq uence  homology w ith  th e  b e e f  l i v e r  cy to p la sm ic  
tRNAP^ e (94.7%) th a n  w ith  th e  c y to p la sm ic  tRNAsp^ e o f  w heat germ 
(78.9% ) o r  y e a s t  (80 .3% ). I t s  seq u e n c e , t h e r e f o r e ,  i s  more " a n im a l-  
l i k e "  th a n  " p l a n t - l i k e . "  T h is  in fo rm a tio n  and th e  r e s u l t s  o f  o th e r  
sequence  s tu d ie s  on Euglena m acrom olecu les may e v e n tu a l ly  be used  to  
c l a r i f y  p rob lem s a s s o c ia te d  w ith  Euglena taxonomy. Euglena h a s  long  
been  an enigma to  b i o l o g i s t s  b ecau se  i t  has b o th  a n im a l- l ik e  and 
p l a n t - l i k e  c h a r a c t e r i s t i c s .  Z o o lo g is ts  have p u t i t  in  th e  fa m ily  
E u g len id ae  w i th in  th e  phylum P ro to z o a  a t  th e  b a se  o f  th e  an im al 
kingdom . B o ta n is t s  have p u t i t  i n  th e  fa m ily  E ug lenaceae  as  a  c la s s  
o f  a lg a e  a t  th e  b a se  o f  th e  p la n t  kingdom (1 2 3 ,1 2 4 ) . The seq u en c in g  
o f p ro to z o a n  and h ig h e r  a lg a e  tRNAsp^e would f u r th e r  r e s o lv e  t h i s  
p rob lem .
The n u c le o t id e  seq u en ce  o f  b lu e -g re e n  a lg a e  tRNAP^ e has 
r e c e n t ly  been  e lu c id a te d  in  o u r la b o r a to r y  <125) to  s e rv e  a s  a 
com parison  w ith  Euglena c h l o r o p l a s t i c  tRNAP^e . B lu e -g re en  a lg a e  a re  
c o n s id e re d  to  be s im i l a r  to  th e  " p ro k a ry o t ic  in v a d e rs "  w hich 
in c o rp o ra te d  th e m se lv e s  i n t o  o th e r  c e l l s  and e v e n tu a l ly  became c h lo ro -  
p l a s t s  by th o s e  who b e l ie v e  t h a t  o r g a n e l le s  ev o lv ed  from  p ro k a ry o t ic  
endosym bion ts (6 3 ) . F ig . 39 (A) shows th e  s t r u c t u r e  o f b lu e -g re e n  
a lg a e  tRNAP^ e in  c lo v e r l e a f  form . Both in  th e  ab sen ce  o f th e  
e u k a r y o t ic - l ik e  m o d if ied  b a se s  and th e  p re se n c e  o f  s p e c i f i c  n u c le o t id e s
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w ith in  i t s  seq uence  th e  b lu e -g re e n  a lg a e  tRNA*5*1 6  i s  a  t y p i c a l  
p ro k a ry o t ic  tRNA. I t  s h a re s  an 82.9% homology w ith  th e  Euglena 
c h lo r o p la s t  tRNA***16.
The seq u en ce  o f  a  second c h lo r o p la s t i c  tRNA***16, t h a t  o f  th e  
bean  Phaseolus vulgaris, h as  r e c e n t ly  become a v a i l a b le  (1 2 6 ) . F ig .
39 (B) shows t h a t  th e  s t r u c t u r e  o f bean  c h lo r o p la s t i c  tRNA***1 6  s h a re s  a 
93.4% sequence  homology w ith  Euglena c h lo r o p la s t i c  tRNA*5*16. In  term s 
o f  lo c a t io n  o f  s p e c i f i c  n u c le o t id e s  w ith in  i t s  se q u e n c e , t h i s  h ig h e r  
p la n t  o rg a n e l le  tRNA*5*1 6  re sem b les  p ro k a r y o t ic  tRNAs*5*1 6  even  more th a n  
Euglena c h l o r o p l a s t i c  tRNA*5*16. For exam ple, a t  p o s i t i o n  26 bean  
c h lo r o p la s t  tRNA*5*1 6  h a s  an A r e s id u e ,  w hereas Euglena c h lo r o p la s t  tRNA*5*1 6  
has a G (see  T ab le  1 0 ) . F u rth e rm o re , bean  c h lo r o p la s t  tRNA*5*1 6  has a 
g r e a t e r  sequence  homology w ith  b lu e -g re e n  a lg a e  tRNA*5*1 6  th a n  Euglena 
c h lo r o p la s t i c  tRNA*5*1 6  does ( 8 6 . 8 % v s . 82.9% ).
The in fo rm a tio n  p re s e n te d  above i s  g e n e r a l ly  c o n s i s t e n t  w ith  
an en d o sy m b io tic  o r ig i n  f o r  c h lo r o p la s t s .  The h ig h  seq u en ce  homology 
betw een th e  two c h lo r o p la s t  tRNAs from  w id e ly  d iv e rg e n t  o rgan ism s 
s u g g e s ts  t h a t  th e  c h lo r o p la s t s  o f  bean and Euglena s h a re  a  common 
a n c e s to r .  The f a c t  t h a t  b o th  th e  c h lo r o p la s t  tRNAs*5*1 6  have  a  g r e a te r  
sequence  homology w ith  b lu e -g re e n  a lg a e  tRNA*5*1 6  (T ab le  11) th a n  w ith  
any o th e r  tRNA*5*1 6  sequenced  to  d a te  i s  c o n s i s t e n t  w ith  th e  th e o ry  th a t  
th e  endosym bion ts (63) f o r  c h lo r o p la s t s  w ere o r i g i n a l l y  b lu e -g re e n  
a lg a e .  The f a c t  t h a t  bean  c h lo r o p la s t  tRNA*5*1 6  i s  more hom ologous w ith  
b lu e -g re e n  tRNA*5*1 6  th a n  Euglena c h lo r o p la s t  tRNA*5*1 6  ( 8 6 . 8  v s .  82.9%) 
c o u ld  p o s s ib ly  s u g g e s t  t h a t  th e  in v a s io n  o f  th e  a n c e s to r  o f  bean  and
F ig . 39. N u c le o tid e  seq u en ces  o f  (a ) b lu e -g re e n  a lg a e  tRNAP e 
and (B) bean  c h lo r o p la s t  tRNAP^e . In  (B) boxed 
n u c le o t id e s  show re s id u e s  w hich d i f f e r  from  b lu e -  
g re e n  a lg a e  tRNAP^e .
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T ab le  11. Sequence Homology Between V ario u s  P h e n y la l in in e  tKNAs (%)
B. G. C hi. C hi. Wheat C yto.
Mycop. E. coll a lg a e  (Euglena) (Bean) S. pompe Y eas t g e m Mammal Euglena
B. subtilis 82 .9 7 5 .8 81 .6 71 .0 76 .3 64 .5 6 0 .5 6 5 .8 63 .2 64 .5
Mycoplasma 7 2 .4 78 .9 68 .4 69 .7 5 5 .3 63 .2 64 .5 6 1 .8 6 1 .8
E. coli 84.2 7 0 .0 78 .9 56 .6 63 .2 6 4 .6 7 1 .0 68 .4
B. G. a lg a e 82 .9 8 6 . 8 5 9 .2 5 9 .2 69 .7 69 .7 6 7 .1
C hi. (Euglena) 9 3 .4 60 .5 6 1 .8 69 .7 6 7 .1 6 4 .5
C hi. (Bean) 6 1 .8 5 9 .2 6 7 .1 6 7 .1 64 .5
S. pompe 6 4 .5 6 5 .8 72 .4 6 7 .1
Y east 84 .2 77 .6 80 .3
Wheat germ 81 .6 78 .9
Mammal 94 .7
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th e  a n c e s to r  o f  Euglena by p ro k a ry o t ic  endosym bion ts o c c u rre d  a t  
d i f f e r e n t  tim es  a f t e r  th e  d iv e rg e n c e  o f th e  two a n c e s t r a l  l i n e s .  On 
th e  o th e r  hand, we a re  n o t  s u re  i f  th e  d i f f e r e n c e  in  p e rc e n t  homology 
h as  any s ig n i f i c a n c e .  The rem ark ab le  s i m i l a r i t y  betw een Euglena 
c y to p la sm ic  tR N A ^e and b e e f  l i v e r  c y to p la sm ic  tRNA^^e in d ic a te s  
Euglena and mammals s h a re  a  common a n c e s to r ;  p e rh a p s , th e  a d o p tio n  o f 
c h lo r o p la s t s  by th e  a n im a l- l ik e  a n c e s to r  o f  Euglena i s  a  c o m p a ra tiv e ly  
r e c e n t  phenomenon. C ases o f  en d o sy m b io tic  a lg a e  a r e  p r e s e n t ly  known 
w hich in h a b i t  an im a l c e l l s ,  r e t a i n  t h e i r  c e l l  w a l l s ,  and can in  some 
c a s e s  grow in d e p e n d e n tly  o f  t h e i r  h o s t .  One such exam ple o f t h i s  i s  
Cyanophora paradoxa, a  b lu e -g re e n  a lg a e  (127) w hich i n h a b i t s  an 
an im a l c e l l ,  h as  l o s t  i t s  w a l l ,  and d iv id e s  a lo n g  w ith  th e  h o s t .  
T h e re fo re , th e  o r ig i n  o f  c h lo r o p la s t s  in  e v o lu tio n  i s  n o t n e c e s s a r i ly  
a  s in g le  e v e n t.
The f a c t  t h a t  th e  Euglena c h lo r o p la s t  tRNA* ^ 1 6  h a s  two 
" e u k a ry o t ic  n u c le o t id e s "  may n o t be s i g n i f i c a n t  c o n s id e r in g  th e  
l im i t e d  amount o f tR N A s^e w hich have been  seq u en ced , and th e s e  
r e s id u e s  may s im p ly  r e f l e c t  m u ta tio n s .
More e v id en c e  f o r  th e  p ro k a ry o t ic  o r ig in  o f  th e  c h lo r o p la s t  
was r e c e n t ly  p ro v id e d  by th e  seq u en c in g  o f  th e  i n i t i a t o r  tRNAs from 
th e  c h lo r o p la s t s  and cy to p lasm  o f Phaseolus vulgaris (1 2 8 ) . L ike 
p ro k a r y o t ic  i n i t i a t o r s ,  th e  c h lo r o p la s t  i n i t i a t o r  was found to  be a 
tRNA^m et. F u r th e rm o re , i t  was found to  be  s t r u c t u r a l l y  i d e n t i c a l  to  
p ro k a r y o t ic  i n i t i a t o r  tRNAs. Thus i t  la c k e d  a  b a se  p a i r  a t  th e  to p  o f 
i t s  a c c e p to r  s tem , had an A*U b a se  p a i r  in  th e  D stem  in s te a d  o f th e
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s e m i- in v a r ia n t  Y .,*U „, found i n  a l l  o th e r  tRNAs. I t  a ls o  h as  th e  IX 24
r e s id u e s  ^ 5 5 » and a s  e x p ec te d  f o r  a  p ro k a ry o t ic  i n i t i a t o r .
In  c o n t r a s t ,  th e  c y to p la sm ic  i n i t i a t o r  was found to  be  a  ty p ic a l  
e u k a r y o t ic  i n i t i a t o r  tRNA.
The i n i t i a t o r  tRNA^m et o f  th e  m ito c h o n d ria  o f  Neurospora (129) 
h as  a ls o  been  seq u en ced . The m ito c h o n d r ia l  i n i t i a t o r ,  u n l ik e  th e  
c h lo r o p la s t  tRNA , does n o t s t r o n g ly  re sem b le  i t s  p ro k a ry o t ic  
c o u n te r p a r t .  I t  s h a r e s  l e s s  homology w ith  e i t h e r  p ro k a ry o t ic  o r 
e u k a r y o t ic  i n i t i a t o r  tRNAs th a n  th e s e  g roups s h a re  w ith  each  o th e r .  I t  
i s  s l i g h t l y  more hom ologous w ith  th e  p r o k a ry o t ic  i n i t i a t o r s  th an  w ith  
th e  e u k a r y o t ic  i n i t i a t o r s .  However, i t  c o n ta in s  a b a se  p a i r  a t  th e  
end o f  i t s  a c c e p to r  stem  (a  e u k a r y o t ic  i n i t i a t o r  tRNA f e a t u r e ) .
U n iq u e ly , i t  h as  a  v e ry  h ig h  A and U c o n te n t ,  and c o n ta in s  o n ly  fo u r  
m o d if ied  b a s e s .  I t  c o n ta in s  n e i t h e r  th e  ^ 5 5 » o r  ^ 5 $ ty p ic a l  o f
p ro k a r y o t ic  i n i t i a t o r  tRNAs o r  th e  A ^ ,  t y p i c a l  o f  e u k a ry o tic  
i n i t i a t o r s .  B a r n e t t  (62) c o n je c tu r e s  t h a t  assum ing th e  m ito c h o n d r ia l  
tRNA^m et h a s  been  s u b je c te d  to  th e  same s e l e c t i v e  p r e s s u r e s  f o r  
c o n s e rv a t io n  o f seq u en ce  a s  th o s e  i n i t i a t o r  tRNAs from  p ro k a ry o te s  and 
e u k a ry o te s , th e n  th e  m ito c h o n d r ia  may have e v o lv ed  from  a p r im i t iv e  
o rg an ism  w hich may no lo n g e r  e x i s t .  F u rth e rm o re , b ecau se  o f th e  
s i m i l a r i t i e s  be tw een  th e  c h l o r o p l a s t i c  tRNAs*5*1 6  and p r o k a ry o t ic  tRNAs*5*10, 
th e  developm ent o f  c h lo r o p la s t s  i s  a  more r e c e n t  e v e n t in  th e  co u rse  
o f  e v o lu t io n .
The fact that Euglena . cytoplasmic tRNA*5*10 strongly resembles 
mammalian tRNA15*16, whereas its chloroplastic counterpart is
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" p r o k a r y o te - l ik e " ,  seems to  g iv e  su p p o rt to  th e  endosym bion ic  th e o ry  o f  
o r g a n e l le  o r i g i n .  The sequence o f  Euglena c y to p la sm ic  tRNA a ls o  
b ro u g h t o u t i n t e r e s t i n g  im p lic a t io n s  c o n ce rn in g  th e  taxonomy o f  Euglena. 
The f a c t  t h a t  Euglena cy to p la sm ic  tRNAp^ e s h a re s  a lm o s t 95% sequence  
homology w ith  mammalian tRNAp^ e , w hereas i t  s h a re s  on ly  ab o u t 80% homology 
w ith  tRNAsp^ e from  p la n t  so u rc e s  seems to  i n d ic a te  a  s t r o n g  "a n im a l-  
l i k e "  c h a r a c te r  f o r  Euglena. The to o ls  o f  b io c h e m is try  a r e  h e lp in g  to  
r e s o lv e  problem s w hich c l a s s i c a l  b i o l o g i s t s  have  d e b a te d  f o r  d ecad es .
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